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1 LITERATURE SURVEY 

1-00 Introduction 
One of the oldest ~nd most fundamental problems in plant 
physiology is that of how sap rises to the top of tall trees, 
a remark first made by Henry Dixon in the introduction to his 
1914 monograph on the celebrated cohesion theory. Over the 
last 70 years this theory has become deeply entrenched in 
botany and to judge from the remarks of such well-known plant 
physiologists as Crafts (1961) and Zimmerman (1961b) one might 
be led into believing that the solution to this problem has been 
found. Zimmerman for example writes (1961b, p.l ) that he is 
"not aware of any serious evidence against the cohesion theory". 
In the light of this utterance it is perhaps something of a 
surprise to read in one of the latest books on plant physiology, 
"Growth and Organization in Plants" (Steward 1968), that (p.323), 
"the main question that the cohesion theory alone does 
not explain is the very important one of how did the 
water get up there in the first place? At best the 
cohesion theory seems to explain how the system, 
once established, can be maintained intact under 
fluctuating stresses of evaporation by day and 
recovery at night." 
Turning to the six volume treatise "Plant Physiology" edited by 
Steward (1959, 'p.657) one's confidence is further diminished by 
the statement, 
"There is no doubt that the cohesion theory has its 
weaknesses, but it is the only physical theory in 
existence which can explain the rise of large 
amounts of water to the top of tall trees." 
1 
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Thts comment is at variance with the complacency exhibited by 
Zimmerman and the question must be raised therefore of just how 
well does the cohesion theory unify and explain the known facts 
of' sap movement in tall trees? Steward in fact echoes the words 
of Priestley written over 30 years ago when the latter wrote 
(Priestley 1935, p.43), 
"As no other theory appears adequate to explain the 
ascent of sap, faute de mieux the botanist has 
fallen back as a rule on the cohesion theory." 
To hold to a theory despite what are euphemistically referred 
Lo as 'weaknesses', and to justify this attitude on the grounds 
that there is nothing better is dubious science to say the 
lmr:;I:" and hardly calculated to inspire confidence in other than 
I,lIO :J] ready converted. In line with the thinking of Popper, only 
1l1i') domand is made of an hypothesis (strictly speaking we should 
I'uf'or to the cohesion hypothesis at this stage) - that it be 
f':J I :;i f'iable. Of particular interest in investigating the cohesion 
I,llfl'lY''v' c 'weaknesses' therefore, are those experiments which might 
IHI dIW'U>'IVEl, j_n that they cannot be reconciled with it. If this 
:;llfJlllri prove to be so, then the theory must either be rejected 
It is essential therefore to examine these 
J 
Greenidge (1957) has reviewed the literature up to 1956 on 
sap ascent, and it would be repetitious to make another general 
summary of the ground covered. What will be attempted 
Lherefore is to examine only those papers prior to 1956 
considered critical to the problem of sap ascent, and after 
th,1 t year to examine all relevant papers. 
It might be asked at this point why the cohesion theory should 
be montioned here, in view of the fact that the original work to 
I If) d ascribed is concerned with the flow of water through xylem 
I,jc;slle, The reason is that in reviewing the literature on flow 
in ,',tems one finds that the results presented are almost always 
'1lILnrpreted as either supporting or refuting this theory, and it 
'I:: ,1,,:;'1 rable therefore to interpret my results in the general 
"'lIllflxl. oi' sap ascent theories. There is the further reason that 
IIIUI'f) IIeU3 been no critical review of sap ascent for the last ten 
,Vfl,'lr','; or 50, 
1-1 () OutLino of the cohesion theory 
Ilor'ore any discussion of this theory can be attempted it is 
Iltll:II:;,';,'1 ry to attempt to understand exactly what the cohesion 
1i1(J()I',V :ls:;erts. Dixon (1914) one of the co-founders of the 
IllfH}I',V '''I'oLe, 
II I},H'/ "'I'JI(3 wa.ter in the conducting tracts of high trees 
lirlrll~,'j t>here by virtue of its cohesion." 
B p.89 "The amounts of water forced up by root-pressure 
are insignificant compared with the losses due 
to transpiration. Atmospheric pressure can 
supply the evaporating cells at most only up to 
a level of about 10.3 m. When allowance is 
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made for the resistance opposed by the conducting 
tracts to the motion of water in them, we must 
conclude, that the supply of water raised by 
these two forces to a height of 10 m above the 
roots, must be exceedingly small." 
C p.89 "The water in the tracheae above 10 m is at all 
times in tension, and, in times of vigorous 
transpiration, whenever the loss cannot be made 
good by the lifting pressure of the atmosphere, 
the water in the tracheae o~ leaves, at lower 
levels also, is in a tensile state." 
D p.90 "Owing to the permeable nature of the walls, the 
water in one trachea is continuous with that in 
its neighbours, and, consequently, the tension 
in one is transmitted to the water in adjacent 
tracheae. " 
E p.96 '~e may regard the tissue formed of long vessels 
as the path of the most rapid part of the 
transpiration current when the plant has an 
abundant supply of water, while the tracheids 
transmit the slowly moving water and continue 
in function even when supplies are very limited." 
Not all tracheae are required by the theory to be filled with 
water. On this point Dixon said, 
F p.93 "The amount of water transmitted in the stream will 
be affected by the number of tracheae which 
contain bubbles and are consequently put out of 
action in the transmission of water drawn upwards 
under tension." 
G p.92 "Owing to the fact that the conducting tracts are 
subdivided into such numbers of minute compartments, 
the development of even a large number of bubbles 
is unable to wreck the stability of the tensile 
column of water in the wood." 
5 
Busgen (1929) amplifies the question of air blockage. 
1\ I'ter pointing out that dissolved gases on reduction of pressure 
Lend to separate in the form of bubbles, he goes on, 
II p.317 "The water of the wood always contains air in 
solution. However no gas bubbles separate 
from the solution in the wood sap within the 
conducting channels. If the wood water comes 
under tension the dissolved gas separates in 
the places of least resistance, and therefore, 
not in the inside of the liquid channels but 
on the outside of the imbibed membrane, which it 
can easily transverse by diffusion in the 
dissolved state, and passes into the 
intercellular and other air spaces." 
I p.318 "Cohesion will maintain itself longest in the 
narrowest conducting channels, the tracheids; 
the wide lumened organs, according to Holle, 
serve as reservoirs, which give up their store of 
water in time of need, and replace it by air. 
The tracheae are consequently often filled with 
air." 
J p.314 "The continuity of the water channels is most 
complete in the outermost annual rings of the 
sapwood which are almost entirely filled with 
water and contain little air." 
K p.319 "Bubbles finally appear in the water channels and 
displace the water, especially in the older wood 
and when there is great consumption of water. 
According to Renner this air can only have 
penetrated through pores. When the wood-water 
is under great tension every air bubble which 
has penetrated into a vessel must fill the whole 
lumen immediately and drive out the water from 
it, because air will expand to an unlimited 
extent under a tension. In the conifers where 
the short tracheids divide the conducting 
channels into small chambers, the entrance of 
air only affects a very small part of the 
conducting passages; if, however, an air bubble 
penetrates into a trachea of a broad-leaved 
tree, the vessel empties itself throughout the 
whole of its length." 
6 
In order to maintain liquid continuity between tracheae 
and at the same time prevent gases from moving from air-filled 
tracheae to water-filled, Dixon suggested (pp. 98-9) that the 
membrane and torus of the bordered pit would act as a valve. 
Such a valve would close the connection when a pressure 
difference occurred across it. While ingenious this suggestion 
must be tempered by the fact that this structure is of very rare 
occurrence in angiosperms (Greenidge 1957, p.243). 
As a solution to the problem of repairing air-filled tracheae, 
Dixon said, 
L p.95 "The periodic flooding of the tracheae with water 
forced upwards by root-pressure will bring the 
bubbles into solution and will re-establish the 
conditions for tension throughout the water-tracts." 
The cohesion theory will be discussed along with other 
theories of sap ascent in PART C. However it is appropriate,to 
make some comment on the quotations at this stage. For example 
Statement L above needs further amplification: the vessels and 
Lracheids are conductors in parallel and both will function 
rflgardless of the amount of water being supplied. Dixon may 
have had in mind the extreme situation in which there is 
'In:mfficient water to fill the vessels, but it is unlikely that 
,'I Lree would survive in such a case. 
7 
Statement L also states that root-pressure is effective 
throughout the water tracts at certain periods, while Statement C 
maintains that the water in the trachea above 10 m is at all times 
in tension. This appears to be a contradiction. Statement C 
indicates that Dixon's reason for considering root-pressure 
inadequate to meet the demands of a transpiring tree, is that the 
resistance of the conducting tracts is too high. The argument is 
not that root-pressure is insufficient to raise water high enough, 
but that it cannot raise a sufficient amount. 
It is possible of course that there is no need to repair 
-
tracheae, in which case the cohesion theory as outlined by Dixon 
has no need of any root-pressures from below. Both Kramer 
(in Steward 1959, p.654) and Kozlowski (1964, p.121) while agreeing 
that a considerable fraction of the xylem in some trees becomes 
filled with gas (sic), emphasise that the average plant has more 
than· enough conductive capacity to survive plugging by gas (sic). 
1-20 Validity of Poiseuille's equation for flow in xylem 
In classical physics lamina flow through a pipe of radius r, 
length x is given by Poiseuille's equation*, 
4 
Q=~ 8xYJ 
where Q is the flow [e.g. ml/minJ, p the pressure difference across 
Lhe ends, and YJ the viscosity of the fluid. {The equation may be 
)~ A full list of symbols used will be found in Appendix 1. 
8 
written v = r 2p/8xr, where v is the average velocity of the fluid. } 
It is of some importance to see to what extent this equation can 
be applied to xylem tissue, and three papers have examined the 
problem: Ewart (1906), Dimond (1966), and Peel (1965). Ewart 
forced water through 25 cm stem segments of yew, pear, black currant, 
raspberry, elm, apple, elder, and marrow under a pressure of 220 mmHg. 
He concluded (p.84), 
"The flow of water through open vessels filled with sap 
takes place in accordance withPoiseuille' s formula 
for the flow through rigid tubes, divergences being 
due to the presence of irregular internal thickenings 
in the vessels." 
"In intact vessels containing air the rates of flow 
[velocity] are proportional to a power of the radius 
lying between 1 and 2. The volume passing [flow QJ 
is proportional to a pmver of the radius lying 
between 2 and 4." 
Dimond applied a known pressure difference to stem segments of 
young tomato plants, and in a detailed quantitative analysis showed 
that water flows through primary xylem in accordance with 
Poiseuille's equation. 
Peel used 30 cm lengths of Fraxinus, Acer, and Salix. He 
ralbjected them to pressures up to 2600 mmHg and to differing 
viscosities. His use of a quantity called specific conductivity, 
dorined as p = Qxr,/pR2 (R xylem cylinder radius), and his conclusions 
r(xplire a more detailed analysis than has been given to Ewart and 
lJ'imond so far. Peel opens his discussion by stating (p.71), 
9 
A "It is clear from the preceding results that the flow of 
liquid through the xylem of the tree species examined 
deviates very considerably from the type of behaviour 
predicted by the Poiseuille equation. The closest 
approach to ideal Poiseuille behaviour was found in the 
relationship between flow rate and pressure difference." 
B "The relationship of flow rate and specific conductivity 
to the radius of the xylem cylinder was found to be 
complicated ••• " 
Before examining the results obtained by Peel it is necessary 
to consider the derivation of his specific conductivity expression. 
Let a be the number of vessels and rtheir mean radius, other 
symbols as given above. If the vessels are uniformly distributed 
through the xylem, then a is_ proportional to R2, 
i.e. a = kR2 (k a constant). 
For conservation of flow, Q = vaA, where A is the average 
cross-sectional area ofa vessel. Substituting for v 
(from Poiseuille's equation) and fora (above), then gives, 
2 
(kR2)(nr2) {A = nr2 } Q = ~ 8xT) 
4 2 {K a constant} = Kr R p/Xl] 
i.e. p = 4 2 QXT)/pr R II J 
2 Comparison with Peel's expression (QxT)/pR ) shows that he has 
Lreated the radius of the vessels as constant, and has regarded 
UIG vessels as uniformly distributed. 
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Turning to Peel's results, Fig 1 shows the plot of flow 
against pressure. Referring to this figure he says (p.121), 
C "Using Fraxinus the relationship between Q and p was 
directly proportional up to 30 lb/inch2 ; above that 
a direct proportionality no longer held. Essentially 
similar results were obtained with Acer and Salix, 
however there was no evidence of a direct proportionality 
over the range of pressure used." 
mil hr 
800 
• 
r' r· 
... 1 \) 
PEEL 
1 ~ '-,' , I" -, ", !, J ,I " "\,~~ I e:; l_::_' ~ .: ( i ,: 
[ i ~_~~_~ . ~ _ .. ~_. _. ~__ _ ...J 
Fig 1. (From Peel 1965) Plot of applied 
pressure against flow through 30 cm 
lengths of Fraxinus, Acer and Salix. 
Additional plot by R.W.H. 
One can hardly agree with this statement. To draw the Acer flow 
line through one point and the origin is to ignore four of the 
experimental points. A similar remark applies to Fraxinus and 
11 
Salixo 
--
If the graphs are drawn as shown by me then there is 
excellent proportionality between flow rate and pressure above 
10 lb/in2 • 
A possible reason for the observed lack of linearity is 
apparent in further data supplied by Peel; on p.125 he 
comments, 
D "It was found that when the specific conductivity of2 the xylem was measured at a pressure below 50 lb/in , 
and the pressure was then raised to this latter value, 
on lowering the pressure again to its initial value 
the specific conductivity of the xylem had fallen. 
The effect was observed on all three species and 
appeared to be permanent." 
In investigating this further he applied a pressure of 50 lb/in2 
for five min at the end of which he measured the specific 
conductivity at a pressure of 10 lb/in2 • This cycle was repeated 
nine times and it was found that the specific conductivity fell 
during the first six cycles after which it remained constant. 
These results were attributed by Peel to blocking of certain 
conduction channels. However to me these results can be interpreted 
as showing that the vessels had expanded under the pressure 
treatment, apparently permanently. Peel explained the fall of 
specific conductivity as due to a decrease in Q, whereas the full 
expression derived here [equation 1J shows that this could equally 
well have been caused by a relatively small rise in r. It is 
difficult to see why the application of high pressures should 
Q 
12 
block vessels as suggested by Peel. Further, in section 4-32 
it will be shown that data of Morrison and Heine (1966) can be 
interpreted in terms of vessel expansion, and this is therefore 
considered likely to be the explanation of the non-linearity 
shown in Fig 1 between zero and 10 Ib/in2 pressure. 
The next relationship examined by Peel is that of flow rate 
to xylem cylinder radius, R. The points obtained are plotted in 
Fig 2 for Acer and Salix. (The plot for Fraxinus forms an 
inverted V and is not reproduced here.) To see whether Q is 
proportional to R2, which would follow from equation 1, I have 
data from 
Poe j ) 
o 
R.W.I-: 
I i~.\N.H 
/ 
i 
~djO ml/hr '-.I 
SA L I X ,; Pi C \j 
ACER 
I I ()w 
" I) () 
\ "'- :-
'J .:,/r,..) 
C'() ~j ;:-~ 
'- c/-
O / LC-I 
~8 
o f~;?Co~ I] 
/ ,~y. xylc\m 
xy I e. m R, /') /'" R (j./1 0·5 d 0·6 em L //<"JO·5 radius 0·5 I r a I U 5 ,I 1-_:..:.<.o:..:I_\'_) __ 'L-_---','--_---', __ ---' ___ _ 
. --'-------'-----'.-----'.--~.... I 
err, 
1/ 
Ii' '1/'. 2. (From Peel 1965) Solid points original data from 
Peel showing relationship of flpw to xylem cylinder 
radius R. Curve and plot of Q2 by R.W.H. 
1 ') 
1 
plotted the square root of 00111 (Q.') :1!~:dnsf. Lhl1 X,Vl(l\1\ ,',V \ \11<1(1\' 
radius R - lines (a) and (b). II s ('~m be s eon l.ll <::1 l'OSll] t j S :1 
reasonably linear plot. One cannot agree therefore that in the 
case of Acer and Salix the relationship can be described as 
complicated. 
Finally Peel plots flow Q against~, Fig 3. The graph 
suggests a power law relationship, and does not obey Poiseuille's 
equation. However on p.119 he state~, 
E "Small increases in the viscosity of the xylem liquid 
produced a disproportionately large fall in the rate 
of flow." 
-160 
120 
80 
Fi 9 3 
--.~-~--------------
PE E L 
1965 
centi 
Y'1 poise 
1· 4 
Fig 3. (From Peel 1965) Plot of flow against the 
reciprocal of viscosity. 
14 
As can be seen from Fig 3, this statement is incorrect - a 
small decrease in viscosity produces a large increase in flow. 
This is important in that Peel uses Statement E, coupled with his 
other assertion that high pressures cause vessels to block (also 
rejected by me), to assert that the microcapillary system plays 
a substantial role in water conduction through the species 
examined. 
In summary, Peel's data has given no reason to suppose that 
Poiseuille's equation cannot be applied to the flow through xylem 
except for the viscosity factor; it has verified that flow is 
proportional to both pressure and xylem cylinder cross-sectional 
area. Consequently his statement on p.127 that, "the flow of 
liquids through the xylem of the tree species examined deviates 
considerably from the type of behaviour predicted by Poiseuille's 
equation" is rejected. His data is consistent with the 
postulation that vessels expand under pressure, but does not 
demonstrate microcapillary flow. His concept of specific 
conductivity appears to be of rather limited value. 
1-30 Transpiration path in trees 
A number of papers have been written over the last ten years 
concerning the path of the transpiration stream in tall trees. 
These were based on the technique of dye injection, Greenidge 
(1955a, 1955c, 1958), Vite (1959), Vite and Rudinsky (1959), 
15 
Kozlowski and Winget (1963), and Postlethwait and Rogers (1958). 
All demonstrate spiralling of the grain although Greenidge fails 
to realize this. In fact spiral growth is very common in trees. 
Northcote (1957) after measuring the spirals of 600 trees and 
listing 52 references to spiral grain, says (p.350), 
"All the data reported support the theory that spiral 
grain is the normal pattern of growth in trees." 
Of particular interest are those experiments in which 
transverse saw-cuts were made in the trees prior to injection, 
namely those experiments of Greenidge, and Postlethwait and Rogers 
(the latter will be discussed in PART B of this work). They are 
important because they demonstrate lateral movement. Fig 4 
(based on Greenidge 1955c, Fig 11, 1958, Fig 2-18) shows the. 
staining pattern in elm. To demonstrate the amount of lateral 
movement I have divided Greenidge's cross sections into two 
components. In a personal communication Greenidge informed me 
that the cross sections show the dye pattern directly above the 
saw cuts. The sections suffixed "a" therefore, show the dye 
pattern transported directly across the intact portion of the 
tree at the level of the cut, whilst the sections marked "b" 
'Indicate the amount of lateral movement that has taken place from 
I,he corresponding "a" section. Greenidge has thus demonstrated 
qllite extensive lateral flow. 
Fig 4. Adapted from Greenidge (1955c) Fig 11, and (1958) 
Fig 2-18. Diagrams show dye pattern in elm at 
various levels where horizontal cuts were made. 
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He has also shown (without realizing it) that dye can ascend 
to the top of a tree entirely via a lateral connection. This may 
be shown in th~ following way, 
By plotting the bearing of the centre of mass of the dye 
against the height of the cross section a regular twisting 
of the grain is apparent. Between sections 3 and 4 there 
is an anticlockwise twist of about 60 deg and between 
4 and 5 a clockwise twist of about 25 deg. Using these 
figures the following diagram can be constructed, 
---------~.-------------------------------------------
Fig 5. Based on the cross sections shown in Fig 4. 
Shows the stem sectors through which dye has 
passed without moving laterally. 
Thus. all the dye transmitted through section 5 has moved 
laterally. That which has moved directly is contained 
in a sector 50 degrees away from the edge of the section 5 
cut. Even if there was no twisting (in which case 6. = 0) 
the directly t.ransmitted sector would be 15 degrees away. 
Hence the dye which has moved laterally in section 6 has 
already moved laterally once. 
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Greenidge has thus shown in elm that dye is able to move laterally 
in two stages separated by a vertical distance of 3 ft 2 in 
(96 cm). 
Two other papers of great importance to any theory of sap 
ascent are those of Elazari-Volcani (1936) and Preston (1952). 
Both these involved making opposing horizontal saw cuts in trees 
but no dye tracer was used. The paper by Elazari-Volcani is 
actually a short note, and the conclusions will be quoted. The 
experiments were done on 4-5 year old "unbudded" Citrus trees, 
during the period 1-18th October. 
"The experiments seem to indicate, 
1 that more than one half of the cross section 
can be interrupted in the root as well as in 
the stem ",rithout severe injury to young 
citrus trees; 
2 that the central part of the stem in sweet 
orange and sweet lime [? C. sinensis and 
? C. aurantifolia Sw. var~ dulcis] can be 
used quite efficiently for the conduction of 
water; 
3 that the branches on one side of the "top are 
easily provided with water by the vessels of 
the opposite side of the stem and of the root 
system (only shortly after the application of 
unilateral cuts, wilting was often restricted 
to the branches of the corresponding side of 
the top); 
4 that water in the investigated cases can 
stream with relative ease in a zigzag 
direction provided that opposite cuts are 
not made too near to each other." 
19 
Preston (1952), impressed by the critical nature of these 
experiments, repeated those involving lateral overlapping cuts on 
sycamore, beech, hornbeam (all diffuse porous), and rowan 
(determined as ring porous by R.W.H.). Preston found, p.314, 
A "Variations in reaction between species and within 
a species with time, are of major importance." 
B "The tree always survives if the cuts are made 
while the leaves are expanding. Indeed, not 
only this, but treated trees show very little 
check in growth over the controls." 
He concluded from these experiments that, (p.314), 
"Since trees can survive with all the putative water 
columns severed then the-innumerable liquid columns -
commonly associated with sap ascent can hardly be a 
necessity. Either liquid columns are not necessary 
at all, and water movement occurs under an agency 
we have hitherto not taken into account, or so few 
of them are needed that sufficient new ones can 
develop after the cuts are made before the leaves 
exhaust the water store remaining above the cuts 
at the time of operation. All the evidence 
presented here suggests this latter alternative 
as the more feasible." 
1-40 Injection experiments by Preston 
Preston (1952) described quantitative experiments on tree 
injection using indian ink. With a cine camera he obtained a 
record of the velocity of the ink in stems for given time intervals 
after injection. Having established that theoretically a gas filled 
vessel should give a hyperbolic plot of velocity against height 
(and a linear plot if filled with liquid) Preston goes on to show that 
20 
the experimental plot (p.291) "leaves no room for doubt" that it is 
indeed hyperbolic. He concludes (p.310) by saying it would appear 
that many of the vessels are £illed with gas at reduced pressure 
while others contain continuous water columns, and that even in 
these latter cases there is no evidence of very high tensions. 
Recently this data of Preston's has been questioned. At the 
19th symposium of the Society for Experimental Biology, Zimmerman 
(1964b) put forward two alternative interpretations of Preston's 
data. . Zimmerman first stated that Handley (1936) had shown that 
particles of ink do not move freely over long distances because 
water loss from vessels concentrates the particles and the vessels 
are gradually clogged; and secondly that Preston's linear 
equation is based on the unjustified assumption that a second 
liquid can be attached to a first one when the first one is in a 
state of tension. 
To consider the first point it is necessary to see what 
Handley actually said in his paper. He made the following 
statements, 
1 p.461 "Twigs of Acer [diffuse porous] were cut and 
fitted with an apparatus by means of which 
ink under a pressure of it atmospheres could 
be applied to the base of the twig." 
2 p.461 "After injection the ink was observed in 
all cases not to have reached the end of 
a vessel." 
3 p.462 "Transverse sections showed the injected 
vessels to be completely blocked by the 
suspension. " 
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4 p.463 "If the above experiments are carried out with 
a Fraxinus Lring porousJ branch, about 4 ft 
in length, the ink appears at the other end 
within a few seconds." 
This shows a clear difference in behaviour between diffuse 
porous and ring porous material. The fact that Handley ascribed 
the results obtained with Acer as due to lateral filtration - as 
quoted by Zimmerman - is irrelevant when applied to Preston's work. 
Preston used Fraxinus and made his timings over distances of up 
to st ft, so that in fact Handley's .fourth statement gives supp~~t 
for the assumption that indian ink particles are not subjected to 
'frictional drag' when moving through a vessel as far as that· 
material was concerned. 
Zimmerman's second point appears to be misdirected. Only if 
the vessel was filled with liquid would it then be necessary to 
assume that a second liquid could be attached to a first one in a 
state of tension. Preston interprets his own data to mean that 
the vessel is gas filled - and does not make the above assumption. 
Admittedly the linear case would involve such an assumption, but 
as Preston does not seek to prove anything with this case 
Zimmerman's criticism is not relevant. It is of course still an 
open question as to whether or not the act of cutting disturbs the 
contents of the vessel to such an extent that subsequent measurements 
22 
are not a true indication of the pre-cut state. 
Banfield (1941) gives other evidence for the freedom of 
movement of particles. He was able to inject Ulmus, through 
chisel cuts made under water, with spores of the fungus 
Ceratostomella ulmi (responsible for Dutch Elm disease). Such 
spores have a minimum dimension of around 2.5~ and a maximllm 
dimension of about 6~. In the early half of the leafy season 
he was able to detect these spores 44 ft high in trees averaging 
50 ft in height, and in the second half of the leafy season at an 
average height of 11 ft in trees averaging 30 ft in height. In 
dormant trees Banfield found that the spores travelled only a few 
inches - not more than 2 ft above and 12 ft below the point of 
injection. 
Using indian ink and stained beer yeast cells an initial 
upward displacement of 5 ft in 8-15 sec was recorded reaching 
final displacements of 8-20 ft in 2-10 min. In a downwards 
direction 15 ft in 2 min and 36 ft in 6 min were recorded. These 
movements says Banfield were confined to the outer ring of vessels. 
During the non-leafy period distributions were limited to 16 inches 
in both directions. 
Banfield's figures allow orders of magnitude to be calculated 
for the average velocities involved - over distances between 10 
and 40 ft from the point of injection 5 ft/min (150 cm/min), with 
23 
an initial velocity of 25 ft/min (1000 cm/min) over the first 
5 ft above the point of injection. These compare with Preston's 
values of 500-1000 cm/min (Preston 1952, Fig 9) for a distance of 
5t ft above the injection point, using ring porous material. 
1-50 Experiments by Scholander 
One of the most active groups concerned with making pressure 
and flow measurements in tall transpiring plants over the last ten 
years, has been that led by Scholander. 
1-51 Pressure gradients in trees Scholander et ale (1955) 
measured pressure gradients up grapevines using a "manometer- pu-nch". 
In spring before the leaves were out a precise hydrostatic gradient 
of 0.1 atm/m was obtained indicating continuous water columns. 
Horizontal vines showed no gradient. In summer during darkness 
an hydrostatic gradient was found over the lower 6 m of stem, but of 
less magnitude than that recorded in spring. During the summer 
day however, a reverse hydrostatic gradient was found with pressure 
increasing slightly with height. 
Pressure measurements made at the bases of 15 vines without 
leaves were typically 2-5 atm and in every case were sufficient to 
support a water column higher than the height of the vine. There 
was no correlation between pressure and height of vine. In summer 
the pressure at the base was often as low as 0.1-0.2 atm, except 
after rain when it might rise to slightly over 1 atm. 
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In 1957 Scholander et al, also failed to demonstrate an 
hydrostatic gradient during transpiration with Tetracera vines. 
After commenting that we still lacked a method for measuring 
negative pressures with any accuracy (Scholander et al, 1961), 
Scholander et al, put forward in 1965 a method for measuring 
negative hydrostatic pressures in trees. In essence they placed 
twigs, shot down from various heights, in a pressure bomb with the 
stem protruding. They then applied a rising positive pressure 
until there was exudation from the end of the cut stem. Values 
from -5 to -20 atm were obtained. 
1-52 Flow through vines Scholander et al, (1955) found that a 
10 m segment of grapevine acted like a simple hose when filled with 
1-rater, i. e. raising one end above the other resulted in water 
flowing out of the lower end. Using Calamus vines Scholander et ale 
(1961) further demonstrated behaviour similar to a simple hose. 
The vines were blocked by freezing and the frozen portion hoisted 
into the air to form a loop, i.e., one end of the vine rested on 
the ground and the other end beyond the frozen region subsequently 
rose higher. The frozen portion was then thawed and no flow was 
observed from the lower end. On lowering the loop to the ground 
consumption rose to 20% its initial value, and on applying a 
positive pressure of 1 atm normal flow resumed. 
1-53 The effect of air emboli ) Scholander et all (1955) also 
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allowed a vine 17 m high to take up air for 6 min, and another vine 
of height 15 m to take up helium for 5 min. In neither case was 
there any reduction in uptake. Two other vines 17 m and 12 m high 
were given air for a period of 30 min, at the end of which pronounced 
wilting was apparent. On being given water, consumption resumed 
at 10% of the previous uptake rate and remained at a reduced level 
for the next four days. 
An attempt was made to measure both flow and the pressure drop 
across an air embolus (Scholander et al, 1957). They interpreted 
the results to show that the transpiration stream had moved around 
the air embolus via the microvessels, and this has been quoted by 
both Kozlowski (1964) and Kramer (in Steward 1959). Scholander 
gives sufficient data to attempt a quantitative analysis of this 
experiment and it will now be attempted. 
Fig 6. Taken from Scholander 
et al, (1957). 
Pressure and flow 
relationships in a 
grapevine subject 
to an air embolus. 
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A transpiring vine was allowed to take up water for 20 min, 
then air for 20 min, following which it was re-submerged in water. 
The pressure changes further up the stem were actually obtained by 
attaching a potometer to the' side of the vine where the xylem had 
been exposed. Scholander points out that the readings obtained 
during prior calibration with a "mercury calibrator" were found to 
deviate increasingly from those obtained using a manometer punch, 
as the pressure fell below 1 atm. The validity of the readings 
cannot of course be examined here, bul the possibility of their 
being in error should be noted. 
Scholander describes the above- figure as follows, 
p.4 "At CC' the stump received air, and it will be seen 
that the air, following the receding water columns, 
disappeared into the vine at the same rate as the 
water (BCD), After a few minutes, however, the 
intake of air suddenly stopped (D), and at the 
same time the potometer rate increased four times 
(D'E) indicating a pressure drop of similar 
magnitude. This can only mean that the menisci 
of the receding water columns in the vessels were 
stopped by the macroporous pit membranes in the 
walls of the blindly terminating-vessels. The 
continued eva po-ratio from the leaves could now 
exert its full force on the blocked water, 
producing the pressure drop at D'." 
"At EE' the water uptake was permitted to resume 
and it proceeded at a near pre-air rate (EF), but 
with a potometer rate (E'F') now three times 
higher than before the admission of air (B'C'). 
Since the water consumption was essentially 
undiminished, in spite of air-blocked vessels, 
the rate of flow in the micropores must have 
increased, causing the observed drop in pressure." 
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p.6 I~en gas is admitted to vessel compartments 
containing sap at subatmospheric pressure the 
sap is sucked out of them and they are 
eliminated as water conductors. This produces 
a local increase of resistance, as the 
transpiration stream is now denied channels of 
easy flow and ~ust pass around them in the 
microstructures. Normal flow can then only be 
maintained at the cost of an increased pressure 
drop across these breaks." 
Provided the flow is proportional to the pressure difference 
across the ends of the conducting elements (Poiseuille's equation), 
it is possible to apply an electric analogue to a system of low and 
high resistance water conductors. The idea of applying this to 
water transport in plants is~mentioned as early as 1928 by Gradmann 
(in Rawlins, 1963), and the method was used by Dimond (1966) in a 
detailed analysis of pressure and flow relationships in tomato 
plants. Basically this is Ohm's law, which states here that 
p = Qx where p is the pressure difference across the ends, Q the 
flow, and X the resistance between the ends. 
The uptake graph in Fig 6 shows that after re-submergence (EF), 
the uptake was reduced by 10% compared to its original value (BD). 
The potometer uptake graph of Fig 6, whose gradient is proportional 
to the pressure difference between the lower end of the vine and the 
potometer, shows that the pressure difference p has risen by a 
factor of 6. Hence if X. is the initial resistance in phase BD, 
l 
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then the final resistance in phase EF will be 
6 10 
X f = Xi x 1 x -9" = 7Xi • 
From the cross_sectional photograph given by Scholander it 
is seen that the ratio of diameter of vessel to microvessel is at 
least 5: 1. Thus the resistance to flow in a microvessel compared 
to a vessel will be 54 from Poiseuille's equation. The ratio of 
the number of microvessels to vessels in this material is at least 
25:1, therefore the total resistance of the microvessels compared 
with the vessels is 54 /25 = 25, i. e. X = 25X where X and X 
m v m v 
are microvessel and vessel resistance respectively. 
If there are A vessels, and ~ microvessels, the total 
resistance initially with both tracheae participating will be, 
X = X X / (AX + ~X ) i v m m v 
= O.96x 
v 
If the final resistance is due to microvessels only, i.e. the 
vessels are blocked as suggested by Scholander, then Xf = 25Xv' 
and hence 
Experimentally Scholander obtained a ratio of 7. While the 
difference might be considered within experimental error, it must be 
remembered that the figure of 26 is based on a ratio of 5:1 for the 
ratio vessel diameter:microvessel diameter. This ratio is based on 
the smallest vessel and largest microvessel. If a ratio of 8:1 was 
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used (which is perhaps closer to the truth) then the figure of 26 
rises to 65 which differs by a factor of nearly 10 from the 
experimental figure of 7. 
In summary therefore, it seems from a quantitative point of view 
that the flow has not been restricted to the microvessels. In 
fact nothing can really be said about the part played by these 
elements as the reduction in flow observed could be accounted for 
by assuming the blocking of some of the vessels. Such a conclusion 
is in accord with the earlier work of Scholander et al, (1955) 
outlined above, and leaves open once more the question of the extent 
to which air emboli can block vessels. 
1-60 The work of Lundegardh 
Zimmerman (1964b) not only questioned Preston's work, as 
discussed in section 1-40, but also the work of Lundegardh on 
"The Transport of Water inWood" (Lundegardh 1954). The somewhat 
radical conclusions arrived at by Lundegardh demand that it be 
looked at carefully, although the paper in parts is quite obscure 
and difficult to follow. Greenidge (1957) obviously has misgivings 
about some of the conclusions, Kramer (in Steward 1959) makes no 
reference at all to the paper, and Kozlowski (1964) refers to some 
of the minor conclusions but not the principal ones. 
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1-61 Capillary effects Lundegardh's first conclusion is that 
the negative pressures measured towards the end of summer in lime 
and birch (both diffuse porous) are caused by what he refers to as 
"capillary suction". In Table 2 of his paper he calculates from 
the vessel diameters the "height of the capillary suction" for 
each species, using the standard formula for capillary rise in a 
tube. He then calculates a pressure which is apparently the 
height of the calculated water columns expressed in mmHg. 
lime 
Table 1 Taken from Table 2 of Lundegardh (1954). 
Observed 
suction 
80 mmHg 
Percentage figures by R.W.H. 
Calcu-Ia ted 
height 
150 cm 
Capillary 
pressure 
114 mmHg 
Percenta-ge ~. 
difference 
Obsvd 30% less 
than calculated 
birch 260 mmHg 300 cm 230 mmHg Obsvd 13% greater 
than calculated 
oak (130 mmHg)* 750 cm 530 mmHg Obsvd 75% les s 
than calculated 
* value rejected by Lundegardh - reason obscure (see p.92) 
On the basis of this table, Lundegardh makes the following 
statement (p.98), 
"The agreement between the calculated values of capillary 
suction and the actually observed suction forces in 
stems of lime and birch is fairly good and it strongly 
supports the conclusion that capillary forces playa 
prominent role in the movement of water in the stems 
of trees." 
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This sweeping generalization cannot be accepted. It is 
based on two pairs of measurements which cannot be said to 
agree particularly well and uses a formula which has a cos 8 
factor missing from its numerator. This means that a zero angle 
of contact has been assumed and hence the calculated heights and 
pressures are maximum values - which does not help the conclusion 
in the case of birch. 
1-62 Role of large vessels and tracheids The major conclusion 
reached by Lundegardh is (p.ll?) that, "the wide vessels and 
tracheids are largely filled with air, and most probably play the 
unassuming role of combined organs of aeration and for transitorial 
storage of water on varying levels". Further, "the fast mobile 
water serving as a conductor of the transpiration stream only 
amounts to a few percent of the total quantity of water in the wood, 
and it is located primarily in the medium-sized tracheids, showing 
an average diameter of about 10fJ.." His grounds for these 
statements are contained in his Tables 4, 6 and? combined here 
as Table 2. 
Table 2 Data from Lundegardh (1954). 
Figures in brackets are row ratios 
calculated by R.W.H. 
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Figures marked with an asterisk are also 
shown by Lundegardh transposed. The matter 
cannot be resolved, but I have adopt.ed the 
transposed form, i.e. lime 20%, birch 15%. 
lime birch oak 
lumen area as % of vessel *15 (2.1) *20 (2.9) 7 (1.0) 
stem area tracheid 69 (1.5) 56 (1.1) 45 (1.0) 
expelled water % dry 20 min 15.9 (10) 13.8(8.6) 1.6(1.0) 
weight, summer centfg 
ditto, summer 200 min 21.5(6.1) 19.1(5.5) 3.5(1.0) 
ditto, winter 200 min 45 (2.3) 35 (1.8) 20 (1.-0-) 
water content of stem summer 115 (1.5) 98 (1.3) 77 (1.0) 
as percent dry 
winter 162 (1.8) 96 (1.1) 89 (1.0) 
weight (Table 4) 
Comparing rows (a), (b), and (d), Lundegardh states (p.l04), 
"there is no relation at all between the capacity of the 
vessels and the mobile water. The total volume of the 
vessels of lime is about twice as high as in oak 
(15% and 7%) whereas the expelled quantities of water 
are 21.5% and 3.5%. An explanation can only be given 
on the basis that the mobile water occupies the tracheids, 
not the vessels." 
It is somewhat surprising that Lundegardh should base such a 
radical conclusion on the data he quotes. In the first place the 
ratio of the tracheid areas is no closer to the expelled water ratio 
than is the ratio of the vessel areas. Secondly the rate of flow 
(a) 
(b) 
(c) 
I (d) 
I (e) I 
I 
(f) I 
(g) I 
I 
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from a stem is not solely a function of the area of conduction, 
but is also dependent on the resistance to flow offered by a xylem 
element, so that such a comparison is not valid without further 
jus tifica tion. Thirdly the water content of the three species 
differs and this must influence the amount of water that it is 
possible to extract - unless it is known that the extra water 
cannot be removed under an applied pressure. 
It is desirable therefore to re-analyse Lundegardh's data, 
taking the above comments into account. The first problem is to 
calculate the expected flow from each species from a knowledge of 
their xylem element diameters, and the percentage of the cross~ - ~ 
sectional area occupied by a particular size of xylem element, 
Let Ai ,A2,A3 be the number of xylem elements with radii 
r i ,r2,r3 , resistances X1,X 2,X3, cross-sectional areas A1 ,A2 ,AJ , 
surface density of elements sl,s2,s3' and percentage cross-sectional 
areas a1,a2,a3• Then as these elements are all in parallel 
connection the total resistance X in a unit length of stem will be 
From Poiseuille's equation we know that resistance to flow is 
proportional to 1/r4; also that Ai = siAl' Hence, 
flow/unit area = l/X(Ai + 
4 
= si a i r i + 
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Consider the vessels first. Lundegardh provides the 
following dimensions, 
Table 3 Data from Lundegardh (1954). 
Vessel diameter and surface density. 
lime birch oak units 
diameter range 20-90 10-70 20-220 11 
mean diameter 40 40 95 11 
*4th moment mean 41 40 145 11 
density vess./mm 2 197 175 10 
- - -
% stem area 20 15 7 
* Note: As resistance is proportional to 1/r4, the fourth 
moment is a better estimate of the diameter in the 
formula above. These values have been estimated 
from Lundegardh's frequency distributions by R.W.H. 
Provided we use the same thing each time, diameter 
or radius can be substituted in the formula. 
The ratio of flow in the vessels will·therefore be, 
lime birch oak 
197 x 20 x (41)4 175 x 15 x (40)4 10 x 7 x 
= 7.1 x 109 = 6.2 x 109 = 3.1 x 
(145)4 
1011 
i.e. 71 62 3100 
In the case of lime and birch the calculated ratio of the flows 
71:62 (1.15:1) shows reasonable agreement with the observed flows 
given in Table 2, namely, summer 20 min 1.15:1, summer 200 min 1.13:1, 
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and winter 200 min 1.29:1. The calculated ratio is of course 
subject to possible error; if the assumption is made that mean 
diameter was known to ~ 2t% (i.e. ~ 1~ in 40~), and that vessel 
density and surface area were also known to that accuracy, then 
the maximum possible error in the ratio is ~ 30%, i.e. the 
calculated ratio could have any value between 0.8:1 and 1.5:1. 
The calculated flow for oak when compared with lime and birch 
is seen to be some 300 times greater than the observed flow in oak. 
The calculated flow can only be reconciled with the observed flow 
by assuming that not all the oak vessels are filled with water. 
As lime and birch are diffuse porous and oak ring porous, it wouId 
seem botanically acceptable to distinguish oak from the other two 
species. Knowing the frequency distribution of vessel size it is 
possible to estimate the percentage of vessels containing air - if 
it is assumed that the air is contained in the larger vessels 
preferentially. The smallest 70% of the vessels have a mean 
diameter of approximately 120~, which gives a calculated flow of 
1 x 109 so that by assuming that in oak approximately 30% of the 
vessels (the largest) contain air, the calculated flow can be 
reconciled with the observed flow in all three species of tree. 
It should perhaps be emphasised here that the flow quantities 
are expelled water as a percentage of dry weight, so that no 
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absolute quantities can be compared. Lundegardh's data might 
have been more useful had he quoted absolute values for expelled 
water and stem weight. 
No mention has been made so far of the possible contribution 
to the flow by the tracheids. Lundegardh provides the following 
dimensions, 
Table 4 Data from Lundegardh (1954) and Jane (1956). 
.Tracheid diameter and surface density. 
mean dia. stem area % 
-
lime tracheid I 18.7 56 
tracheid II 10.4 12 
birch tracheid 9.1 56 
oak tracheid I 5.1 ] 6.9 32* 
tracheid II 7.9 
tracheid III 9.8 14)~ 
* approximate estimate from photos in Jane (!956) 
To calculate the flow from the tracheids it is necessary to know 
the density of the tracheids (tracheids/mm2), and, if their flow is 
to be combined with that from the vessels, the relative resistance 
of tracheid to vessel. Neither information is given by Lundegardh. 
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The vessel density for the smaller tracheids is probably between 
2 2500 and 5000 per mm , and for the larger tracheids of lime around 
1000. Anatomically one would expect the resistance to flow to be 
fairly high in a tracheid in comparison with a vessel. Until this 
data is obtained there is little point in attempting to carry 
this analysis any further. It should be noted though that the 
large tracheids in lime could, because of their size and the fact 
that they make up just over 50% of the stem area possibly contribute 
significantly to the total flow. 
In summary the following conclusions can be reached from 
Lundegardh's data, 
1 There is insufficient data to draw any conclusions 
regarding the contribution of the tracheids to 
total flow. 
2 In the case of lime and birch which are diffuse porous, 
the observed flows are in the same ratio as the flows 
calculated on the basis that the vessels are the only 
conducting elements. The same holds for oak (ring 
porous) if the largest 25% of the vessels are 
excluded, i.e., they are assumed to contain air or 
water vapour. 
3 Lundegardh is not justified therefore in stating that 
mobile water occupies the tracheids and not the vessels. 
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1-63 Percentage of mobile water in winter Using the data of 
Table 2 the following bar graphs can be constructed, 
---------~~----~------------~------------------------. 
lime 
'100 ---~--
bi rc h 
1 0 0 ------- ---
0(11, 
70--
....... 
14 - :Xf; ~J~~] 
VI S 
FI C -; 
Fig 7. Data from Lundegardh (1954) - see Table 2 here. -
The figures within the columns (dotted areas) 
are expelled water as a percentage of winter (W) 
or summer (S) total water. The figures on the 
ordinate are expelled water as a percentage of 
total winter water. 
In the case of lime half the difference in water content 
between winter and summer can be attributed to mobile water loss, 
and for oak the whole water loss between winter and summer can be 
attributed to loss of mobile water. Birch shows a decrease in 
mobile water too but no change in the total water content. On the 
basis of this data it is possible to agree with Lundegardh (p.10S), 
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"that the percentage of mobile water rises in all trees in winter 
time", although he bases his conclusions on data in his Table 9 
(p.104) • 
Without knowing the reliability of his sampling it is not 
possible to judge the significance of the data in his Table 9, but 
the 4% difference for birch shown there is not convincing. 
Although it is reassuring to support his conclusions using some of 
his other data, the work of McDermott and Gibbs discussed in the 
next section suggests that perhaps the whole of Lundegardh's 
conclusions should be treated with caution failing knowledge of his 
sampling errors. 
1-70 McDermott on the existence of tensile stresses 
This paper by McDermott (McDermott 1941) has been regarded as 
"strong circumstantial evidence of the existence of tensile stresses 
in actively transpiring material" by Greenidge in his review 
article (1957, p.244), and for this reason needs to be carefully 
appraised. The experimental technique used was simple: 3 inch 
segments of branches were cut from trees using two pairs of 
secateurs simultaneously. The segment between the secateurs was 
called the central sample. A further 3 inches were then removed 
from the end of the detached branch - called the distal 'sample, 
and finally 3 inches were removed from the end of the branch still 
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attached to the tree - the proximal sample. The water content of 
each sample was then expressed as a percentage of its dry weight. 
The following data is taken from McDermott. Note that the 
slow distal mean for Red gum as reproduced by Kozlowski in his 
book (1964, p.114) is incorrect, and that for some mysterious 
reason he only reproduces the data for the two dicotyledons 
(Liriodendron tulipifera, and Liquidamber styraciflua - both diffuse 
porous) • 
Table 5 
Loblolly pine 
Data from McDermott (1941). 
Mean water content (N~5) as a percentage 
of dry weight._ Measurements made in July 
during either rapid or slow transpiration. 
rapid transpiration slow transpiration 
Central Distal Proximal Central Distal Proximal 
126.3 125.8 119.6 *134.6 131.8 119.3 
Short leaf pine 112.7 114.6 97.2 86.3 86.7 83.7 
Yellow poplar 135.1 120.1 121.1 117.2 117.8 106.6 
Red gum *138.4 111.2 111.5 101.6 107.0 103.3 
* see text 
Examination of the full data shows that two of the above means 
(marked with an asterisk) contain extreme values - in the Loblolly 
pine 176.7, and in the Red gum 198.3. One cannot have confidence 
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in such atypical values, and I have therefore replaced them by 
values more consistent with the other values of the particular 
classification shown in Table 5. The modified means become 
therefore 128.6 (instead of 134.6) and 126.4 (instead of 138.4). 
McDermott analysed the variance of his data, and it is now 
necessary to re-do this for the altered data, 
Table 6 Re-analysis of variance of the data of 
McDermot t (1941)._ 
Data modified by subtracting 30 from the 
Loblolly pine central figure of 176.7 and 
subtracting 60 from the Red gum central 
figure of 198.3. Decimals omitted. 
variation d.f. sUm of sqs. mean sqs. 
rate of transpiration 1 360590 360590 
species 3 1384400 461466 
transpiration - species 
interaction 3 242290 80763 
branches of same species 32 734290 22946 
total for branches 39 2721570 
method of cutting 2 172980 86490 
cutting - transpiration 
interaction 2 51608 25804 
cutting - species 
interaction 6 39878 6646 
cutting - species -
transpiration interaction 6 78854 13142 
error 64 98876 1545 
total 119 3163766 
(grand total 135,568, correction factor 153,155,680) 
F -
15.71 
20.11 
3.52 
-
55.98 
16.70 
4.30 
8.50 
-
sig. 
t% 
t% 
2t% 
-
t% 
t% 
t% 
t% 
-
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1-71 Interpretation Comparison of Table 6 with McDermott's table 
of variance reveals no material differences in the levels of 
significance, but the error mean square has been reduced from 
62.08 to 15.45. In order to determine which means are significantly 
different it is necessary to determine the standard error of the 
difference, sd' This is given by, 
x error mean square 
number in sample 
The least significant difference (LSD) is then given by t x sd 
where t is the t-test value for the level of significance used for 
the error degrees of freedom - 119 here. 
1-711 Differences between cutting methods Although referred to by 
McDermott as "method of cutting" these are differences between 
central, distal, and proximal samples which is not actually the 
same thing. At the 0.5% level t = 2.860, sd = V15.45/20 = 0.877, 
and therefore the least significant difference in the means will be 
Table 7 sets out the means. 
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Table 7 Means of central, distal, and proximal samples. 
Original data from McDermott (1941). 
Values expressed as percentage of dry weight. 
means differences 
Central Distal Proximal C-D C-P D-P LSD t% 
McDermott 119.01 114.38 107.78 4.63 11.23 6.60 5.035* 
Heine 116.75 114.38 107.78 2.37 8.97 6.60 2.51 
* calculated by R.W.H. - see text 
Looking first at the modified data, Table 7 shows that the 
difference between the central and distal samples is not significant, 
although the other two differences are. The same thing is seen in 
the original figures based on the LSD calculated by R.W.H. - asterisked 
in Table 7. McDermott, in his paper, gives a value of 3.52 at the 
1% level which indicated to him that the central samples differed 
significantly from both the others. According to my calculations 
the LSD value at the 1% level for his data is 4.607 which makes the 
conclusion drawn there marginal. 
The only conclusion to be drawn from this paper by McDermott 
therefore, is that the proximal samples are significantly lower in 
water content than either of the others. This can be seen readily 
in Table 5. One cannot agree with him when he says, 
p.508 "The moisture content of the central sample is 
significantly greater than that of either the 
distal or proximal sample. This constitutes 
conclusive evidence that, where a sample is 
taken for moisture content, the release of 
tension at one end at a time does not give a 
true picture of the moisture content of the 
sample." 
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McDermott's paper is valuable however in showing the withdrawal 
of water towards the trunk from the cut ends of branches, although 
there are no grounds for supposing that this is due to the release 
of tensions. 
1-712 Differences between species Using similar calculations 
to those described above (but with an error mean square value of-
229.46) the differences in water content between the species were 
tested. All differences other than two were significantly different 
at the 0.5%. The exceptions were those between the Yellow poplar 
and the Red gum - the two dicotyledons - and between the Yellow 
poplar and the Loblolly pine. 
1-80 Conclusion 
In this Chapter an endeavour has been made to examine the more 
important papers concerned with flow in xylem, as well as to outline 
the classical cohesion theory. In PART C a synthesis of these 
will be attempted, and the original work presented here will be 
integrated with it. 
PART B 
MOVEMENT OF RADIO-ACTIVE IONS 
2 MATERIALS AND METHODS 
2-00 The material used was one or two year old stems of 
Lombardy Poplar (Populus nigra var. italica Du Roi). It was 
taken from either a hedge or from rooted cuttings with intact tops. 
In the case of the green material all the leaves except for those 
at the very top were removed several days prior to use. Unless 
stated otherwise stems which were cut in air were subsequently 
re-cut under water. In all cases the bark was carefully stripped 
back several centimeters so that it did not come in contact with 
the liquid in the beaker. 
A pressure difference across the ends of the stem segment was 
achieved by applying a vacuum to the upper end of the stem. When 
required, volume uptake was measured gravimetrically by placing the 
beaker of isotope (or water) on a top-pan Mettler balance. 
Initially model K7T was used with a scale calibrated in tenths of a 
gram; later model P120 calibrated in hundredths of a gram was used. 
When necessary a control beaker was used to check loss by evaporation 
from the liquid surface, which was typically 0.02 g!min. 
2-01 As water is taken up by the stem, the amount of stem 
submerged below the water level is reduced, while at the same time 
the pan of the balance rises. It can be shown that the 
required correction is proportional to the weight change recorded 
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by the balance. This linear correction (which was subtracted from 
the recorded uptake) was obtained by making pre- and post-weighings 
of the beaker of water. 
2-02 Velocity was measured by adding radio-active phosphorus to 
the beaker and tracing its movement up the stem with geiger 
counters, as described in section 6-10, In the following 
discussion of results the assumption is made that water and 32p 
velocities along the stem are identical. This is justified by 
results presented for sample PJ1, Fig 12, in which the arrival 
time of the exudate at the top of a 100 cm stem calculated from 
isotope velocity measurements exactly coincided with the actual 
arrival time. 
2-0J Three methods were used to examine uptake through the cut 
stems. In the first set of experiments a vacuum was applied to 
the top of stem segments which were devoid of leaves, in the second 
set a vacuum was applied to stem segments which were transpiring, 
and in the third set uptake of dormant material without the aid of 
a vacuum was measured. 
2-04 Some of the samples (Pl0B, PllB, P1JC) had their cross-sectional 
areas reduced by boring out the stem with an 8 mm drill for several 
centimeters. The cavity formed was kept free of water in the 
case of PllB and P13C by inserting a hollow needle horizontally 
through the wall and applying air at slight pressure. This 
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resulted in the formation of a bubble, convex to the liquid at the 
entrance to the cavity. Three samples (P16B, P17B, P18B) had 
their cross-sectional areas reduced by removing an outer cylinder 
of xylem with a cork borer to leave an 8.5 mm core. 
In samples P7A and P7B the pith was drilled out. Samples P1, 
P2, and P27 were cut back so that only a semi-cylindrical portion 
of stem was immersed, while P3 was modified so that only a semi-
annulus of xylem was immersed (p.122\. All modifications to the 
material such as drilling and cutting were performed under water. 
Vacuum pressure was measured with a mercury column. 
3 EXPERIMENTAL RESULTS 
3-00 Qptake under vacuum without transpiration 
Fifty-three samples were subjected to an applied vacuum 
pressure. In order to reduce the number of variables as far as 
possible 30 of length 30 cm were selected which had been under 
the same vacuum pressure of 200 mmHg. Of the 30, 18 were green 
material in their second season of growth and 12 were dormant 
material which had completed two seaso~s' growth. The letters A, 
B, etc indicate samples taken from the same stem, with A the lowest, 
B the second lowest, and so on up the stem. 
After the vacuum was disconnected two effects were noted: 
the stem had increased in weight, and liquid had exuded from the 
top of the stem. If the total amount of liquid taken up is denoted 
by U, the amount retained in the stem by S, and the amount of 
exudate by E, then by conservation of material U = S + E. These 
quantities, as well as velocity, time of application, and stem 
diameter, are tabulated in Table I. Five of those samples (P10B, 
P11B, P13C, P16B, and P17B) were modified by either boring out or 
ringing, as described in the last Chapter. 
3-01 Results Analysis was begun by calculating the mean and 
standard deviation for total uptake, stem retention, exudate, 
velocity, and stem diameter. Four values were found to deviate 
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Table I. Uptake, retention, and exudate, velocity, diameter, 
and time of vacuum application for 35 cm samples 
under a vacuum pressure of 200 mmHg. 
Sample 
P 9B 
P lOA 
B 
C 
D 
P l1A 
B 
C 
P 12A 
B 
C 
D 
P 13B 
c 
D 
E 
p 14B 
D 
E 
P 15B 
C 
D 
P 16A 
B 
C 
D 
P 17A 
B 
C 
D 
Samples Pl0B, PllB, and P13C bored; P16B and 
P17B ringed. 
DORMANT (N = 12) 
velocity diameter uptake stem exudate time 
retention 
cm/min mm g g g min 
3.7 12.5 3.09 1.96 1.59 19 
5.0 14.0 2.80 1.46 0.68 28 
3.3 12.5 2.41 '-1.00 0.60 26 
2.6 11.0 1.14 0.63 0.55 21 
3.1 9.0 1.52 0.60 0.81 45 
6.7 13.0 3.31 0.99 1.88 25 
5.0 11.5 2.29 0.37 1.51 29 
4.0 10.3 1.64 0.67 1.01 25 
2.2 12.5 2.98 1.76 0.84 25 
2.6 10.8 2.58 1.30 1.15 32 
2.8 8.8 1.34 0.50 0.84 28 
1.9 7.5 0.74 0.32 0.21 26 
GREEN (N = 18) 
9.1 14.0 11.11 1.82 10.92 16 
7.2 12.0 5.54 0.79 5.34 17 
4.1 9.0 2.40 0.43 2.21 1':; J 
3.9 8.0 0.99 0.03 1.17 2C 
5.5 12.8 4.69 1. 76 2.04 20 
3.5 9.5 2.37 0.87 0.93 33 
2.5 7.8 0.78 0.10 0.13 43 
2.6 13.2 2.86 2.08 0.53 20 
3.1 11.8 3.22 1.58 1.38 30 
4.1 9.5 4.37 1.11 3.26 45 
1.8 14.8 3.45 2.40 0.24 40 
3.5 12.8 3.49 1.64 0.99 30 
4.0 11.5 3.52 1.05 1.11 32 
3.6 9.8 2.34 0.70 0.97 35 
1.4 14.5 4.36 4.13 0.35 67 
4.0 13.0 2.64 1.43 0.35 45 
4.0 11.8 2.22 1.08 1.12 22 
3.2 10.0 2.45 0.96 1.73 31 
conducting 
area 
2 
mm 
4.4 
0.7 
1.2 
2.6 
0.8 
1.4 
1_.3 
1.7 
4.1 
2.3 
·1.9 
1.3 
9.2 
6.2 
7.7 
2.7 
2.6 
1.1 
1.5 
2.8 
2.4 
2.2 
0.6 
1.3 
1.2 
1.1 
0.6 
0.3 
2.2 
2.6 
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more than 3 standard deviations from their means (p13B - uptake and 
exudate, P13C - exudate, and P17A - retention), and these samples 
were deleted. The revised means (i.e. less P13B, P13C, and P17A) 
are tabulated in Table II. 
Table II. Mean values of data in Table I - less P13B, P13C,~ 
and P17A; 35 cm lengths subjected to a vacuum 
pressure of 200 mmHg. 
GREEN (N=15) DORMANT (N=12) 
mean std dev. mean std dev. units 
total uptake U 2.78 1.069 2.15 0.85 g 
stem retention S 1.14 0.682 0.96 0.55 g 
-
exudate E 1.21 0.83 0.97 0.48 g 
velocity v 3.56 0.087 3.57 0.13 cm/min 
diameter ¢ 11.02 0.209 11.11 0.194 mm 
stem weight w* 27.91 8.14 29.41 8.56 g 
* original weight 
The differences between the green and dormant means of Table II 
were found on testing to not be significantly different. The 
similar velocity shows that the resistance to flow is no different 
in the two groups, and the similar weights and diameters indicate 
the relative homogeneity of the material. 
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The product-moment correlation coefficient r was then 
calculated for the four variables U, S, E, and v, 
Table III. Correlations of data from Table I for total 
uptake (U), stem retention (S), exudate (E), 
and velocity (v). 
GREEN (N=15) DORMANT (N=12) 
r sig. level r sig. level 
0.347 2010 ~ 510 Uv 0.577 
us 0.707 0.510 0.795 0.110 
UE 0.485 1010 0.688 0.510 
SE 
-0.142 n.s.* 0.298 n. s. * 
Sv 
-0.205 n.s. *- - 0.055 n.s.* 
Ev 0.597 510 0.733 110 
* at the 2010 level 
In both green and dormant material the following correlations 
were obtained: uptake and retention, uptake and exudate, and 
exudate and velocity. Uptake and velocity correlated only in 
dormant material. 
Correlation coefficients were next calculated for the above 
4 variables against both diameter and diameter squared (¢ and ¢2). 
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This was done with the Lincoln College IBM 1130 computer, using a 
step-wise multiple regression programme (IBM file 1130/13.0.001). 
The results were as follows, 
Table IV. 
¢u 
¢2U 
¢s 
¢2S 
¢E 
¢2E 
Correlations of data from Table I for total 
uptake (U), stem retention (S), exudate (E), 
and velocity (v) against diameter (¢) and 
diameter squared (¢2). . 
GREEN (N=15) DORMANT (N=12) 
r sig. level r sig. level 
~-
0.606 2Mb 0.861 0.1% 
,0.574 2t% 0.856 0.1% 
-
o. 9L~6 0.1% 0.694 5% 
0.943 0.1% 0.696 5% 
-0.290 n.s.* 0.445 n.s.* 
-0.328 n.s.* 0.412 n.s.* 
* at the 10% level 
In both the green and dormant material the correlation pattern 
was similar. The only variable which did not correlate with either 
diameter or (diameter)2 was exudate. 
In an attempt to separate those variables which correlated with 
both diameter and (diameter)2 at the 0.1% level, the computer was 
used to calculate the goodness-of-fit of the equation 
Y = a¢ + b¢2 + c, where Y stood for either U or S. None of the 
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resulting fits however were better than those obtained with the 
linear regression lines on which the above correlation coefficients 
were based. 
3-02 Interpretation The following figure summarises the 
correlations obtained. Both diagrams show the same basic conclusions: 
e~date is a function of velocity and not stem area or circumference 
(¢)j stem retention (S) is a function of stem area and/or 
circumference, but not velocity. 
There was no correlation between exudate and retention; Two 
s s 
/r~O_ 
/ I 0·5 .::> _____ 
v~ 1207U-5 __ (¢/rj}) 
IG 8 
5 I 10 - -
"J?---
E 
G R E EN DORMANT 
Fig 8. 
not 519' 
Correlations between total uptake (U), stem retention (S), 
exudate (E), velocity (v), and stem diameter ¢, under 
200 mmHg vacuum. Stem length 35 cm. 
Data from Tables III and IV. 
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pieces of data from the green material, which were not included in 
the calculations, support the failure of the statistical test to show 
significance in those cases. Referring to Table I, it is seen that 
in the case of sample P13B it was possible for the exudate to rise 
to 10.92 g, over 7· standard deviations from the mean, while the 
retention in the same sample was 1.82 g - a mere 1 standard deviation 
, 
from the mean. A similar but less extreme situation is seen in 
sample P13C. 
The second piece of evidence illustrating the independence of 
exudate (E) and retention (S) is shown in the tabulated data for 
P15 and P1? (Table I). In both these cases exudate rose with 
decreasing diameter while retention fell. In P14 on the other hand, 
both exudate and retention fell with decreasing diameter. These 
trends are graphed in Fig 9, p.5? 
The difference in the correlation patterns of the green and 
dormant material exhibited in Fig 8 may be explained by postulating 
that uptake is dominated by retention in green material, while in 
the case of dormant material neither dominates. Thus in the 
latter, velocity shows a better correlation with both uptake and 
exudate because of the improved correlation of exudate with uptake. 
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Both uptake and stem retention have been seen to correlate 
highly with the stem diameter. Hence it follows that any attempt 
to compare uptake and retention between green and dormant groups 
will be handicapped by the variation in diameter of individual 
samples, caused principally by the fact that the stems taper. One 
would expect therefore to obtain more information for comparison 
~urposes by introducing two new variables, specific uptake U' = U/¢2 
and specific retention S' = S/¢2. Specific uptake U' can be 
interpreted as either uptake per unit cross section or uptake per 
unit volume of stem. Similarly with specific retention S' • 
Table V lists the mean values for specific uptake, specific 
retention, and also specific weight W' = W/¢2. Specific exudate 
E' = E/¢2 was included for completeness although it was not expected 
to show a significant difference owing to the fact that exudate and 
area did not correlate. 
Table V. Uptake and distribution of water per unit stem area in 
stems 35 cm long under a vacuum pressure of 200 mmHg. 
GREEN (N=18) DORMANT (N=12) 
mean std dev. mean std dev. units 
specific weight* 213 26 241 55 x 1O-3g/mm2 
specific uptake 222 66 168 33 x 10-4 g/mm2 
specific 
x 10-4 g/mm2 retention 92 21 74 27 
specific exudate 88 68 78 31 x 1O-4g/mm2 
* original 
--
The difference between the green and dormant means for 
specific weight and specific uptake was significant in both cases 
at the 10% level. In the case of specific retention the difference 
in the means was significant at the 2t% level. Note that specific 
uptake and retention were greater for the green material, while 
specific weight was less than that of dormant material. Specific 
uptake and specific weight did not correlate and specific exudate 
did not differ significantly between green and dormant material. 
The 24% lower specific retention of the dormant material compared 
with the green is consistent with the postulate that the retention 
component of uptake dominates in green but not in dormant material. 
J-OJ Effect of mechanical modification on uptake The effect of 
either ringing or boring out the stem as outlined in methods was not 
consistent (Figs 9 and 10). Of the bored samples, PllB showed a 
slight decrease in retention, which was more, apparent in its specific 
retention value (see Table I); sample P1JB showed a slight reduction 
in its retention but Pl0B showed no reduction. Exudate values 
showed no decrease. For the ringed samples, P17B showed a slight 
reduction in exudate value while P16B was unaffected. No conclusions 
can be drawn with certainty from these results other than to comment 
that the decreases obtained were not as great as expected. In 
sample Pl0B for example, allowing a bark thickness of 1 mm and a 
Fig 9. Scatter diagram for the correlation of both exudate 
and stem retention against stem area, for green 
material. 
o 
GREEN E 
/ 
/ 
/ "h5D 
- / 
- 13/ 13/°0 
GREEN E 
210 -
GREeN S 
190 
170 -. 
13 C 
b 0 red/~~ 
130 / 
/ 
/ 
/ 110 
90 
70 
-// 
/ brd 
o 
GREEN S 
16A 
/ 
/ 
/ 
/ 
1_~~'!'7~ __ ._~_=_~~"",J~=. '-_ ~.=, "'~'~=T~"~.J~-~-~.=.=~,J_E>_~='~~~~~§ 
1 9 m 2 3 4 '-'-==~~-'~ 9 Ii' 2 3 
E S 
17/\ < 
/< 
/ 
Fig 10. Scatter: diagram for the correlation of ~oth exudate 
and stem retention against stem area, for dormant 
material. 
------------.-~---------- ---------
190 L 010A 
¢2 (m m2 ) 
10 B 
brd 
10C 
150 -
brd
l 11B130--
brd 
110 
90 -
70 
DORMANT 
E s 
99 
o 
,~~~-!.....__ -,--.,..,....J-..- ____ . ~ __ ,J~, ____ .... I 
o 1 gm 2 
FIG 10 
o 1 gm 2 
59 
pith radius of 1 mm, the area of the xylem cross section was 
reduced to 36% of its original value. This is not reflected in 
a measurable reduction in either retention or exudate (Fig 10). 
Using another set of 5 samples (Table VI) further comparison 
was made between unmodified and modified material. Sample P27 
was modified by cutting upwards 2.6 cm from the base along a 
diameter and then radially, so that only a semi-cylinder of xylem 
was immers ed • The semi cross-sectional area left exposed to the 
air was sealed with vaseline and plasticine. Samples P7A and P7B 
had their pith drilled out. The applied vacuum was 740 mmHg in all 
cases. 
Table VI. 
P31 
P27 
P7A 
P7B 
P7C 
* 
Uptake under a vacuum pressure of 740 mmHg for 
material of different lengths. P27 cut back by 
50% (see text), and pith drilled out of P7A and P7B. 
length base velocity uptake specific diameter uptake** 
100 cm 14 mm ~5 cm/min 5.5 g 327 x 10-4 g/mm2 
65 cm 13 mm ~6 cm/min 4.2 g 697 x 10-4 g/mm2 
70 cm 15 mm 6 em/min 7.2 g 370 x 10-4g/mm2 
35 cm 12 mm 15t cm/min 6* 500 x 1O-4g/mm2 
35 cm 10 mm 15 cm/min 4.5*g 563 x 10-4 g/mm2 
extrapolated ** bark and pith areas subtracted 
The same water velocity was recorded for P27 and P7A which had 
essentially the same length. Yet as the table shows, the specific 
uptake for P27 was nearly 90% greater than for P7A. [Had P27 been 
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a full cylinder instead of a semi-cylinder its specific uptake 
would have been 340 x 10-4g/mm2 .] This supports the conclusions 
made in the last paragraph: that the reduction in flow obtained when 
the immersed xylem cross-sectional area is reduced by mechanical 
methods, is much less than would be expected on the basis that 
uptake is proportional to xylem area. 
Table VI shows that the absence of pith from P7A and P7B 
increased their uptake over the control sample P7C rather than the 
converse. Although the difference is not large judged on the 
figures given in Table VI, Fig-11 shows the trend to greater uptake 
in the graphs of P7A and P7B compared with P7C. (Both P7B and P7C 
have similar velocities.) 
3-04 Uptake as a function of time Correlation of stem retention 
and exudate against time were not found to be significant, and the 
gravimetric arrangement outlined in section 2-00, which allowed a 
continuous record of uptake with time to be made, was used to 
investigate this relationship. Fig 11 shows the nature of the 
relationship between uptake and time over periods up to 22 minutes. 
The dashed lines adjacent to P27 and P31 indicate the magnitude 
of the submergent stem correction (section 2-01) which was not 
applied because of its relatively small magnitude, and because of 
its negligible effect on the shape of the curves. (See curve C2 
Fig 16.) 
,> 
• 1 
~ ! 
! : 
Fig 11. Graph of uptake against time for dormant material 
under a vacuum pressure of 740 mmHg. Samples P7A 
and P7B without pith. Dashed line submergent stem 
correction • 
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The rate of uptake is characteristically rapid at the 
beginning (in some cases almost asymptotic to the ordinate), and 
subsequently falls off to become linear. Clearly this in time 
will be the exudate rate, and this tendency is shown in Fig 12. 
Note that P31 and P27 are graphed there on different time and 
uptake scales. 
In another sample the vacuum was cut off intermittently, 
Fig 13. This figure shows that the rate of uptake is a function of 
the time under vacuum pressure, and not a function of the total 
elapsed time. The fall in rate of uptake is not then caused by 
aging of the material. The uptake during those times that the 
vacuum was off is accounted for by evaporation and cannot be 
considered as indicating uptake by the stem. For example the rates 
of uptake in phases A and Bare 0.045 and 0.035 g/min respectively. 
3-10 Uptake under vacuum with transpiration 
The next experiment considered the effect of applying a vacuum 
of 750 mmHg to transpiring shoots. One-year old stems were taken 
from a hedge in winter and placed in sand to root. Buds opened 
about August 21 and the material was used from October 4 when leaves 
were fully out. Unless otherwise stated leaves extended along the 
entire length of the stem. In all cases a control beaker was used 
to check evaporation, but it was not considered necessary in the 
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following plots of uptake against time to correct for the 
submergent stem variation. The following are the details of the 
seven specimens used, 
Sample Tl Intact (i.e. intact tip) 190 cm long, 
¢ base 17 mm. After transpiring for 60 min the 
top 60 cm was cut off, leaving 50% of the leaves. 
A vacuum was then applied at the top end for 
7 min. 
Sample T2 Intact, 142 cm long, ¢ base 12 mm. 
After transpiring for 16 min the top third was 
removed and a vacuum applied after 19 min for 
a period of 21 min. At 69 min the vacuum was 
reapplied for a further 26 min. 
Sample T3 Intact, c.150 cm long, ¢ base 12 mm. 
After 19 min approximately the top third was 
cut off and a vacuum appli~d for 6 min. At 
56 min the vacuum was reapplied for 15 min. 
Sample T4 Intact stem similar in dimension to 
the above. After 130 min the top was detached 
leaving a leafless stem approximately 30 em long. 
No vacuum was applied. 
Sample T5 Intact, 140 cm long, ¢ base 12 mm. 
Leaves on upper 110 cm. 
Sample T6 The lower portion of T5 which remained 
attached to the roots until used. 50 em long, 
no leaves. 
Sample T7 Intact, 160 cm long, ¢ base 11 mm, 
leaves. 
Results are given in Fig 14, from which the following conclusions 
can be drawn, 
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(a) All transpiring samples showed a linear uptake with 
time, Tl-5, T7. 
(b) After a vacuum had been applied for a short period 
and then released, the rate of uptake remained at an 
increased value. In the case of Tl for example, the 
uptake rate after the vacuum phase was 0.45 g/min 
compared to the pre-vacuum phase rate of 0.03 g/min. 
[During the vacuum phase the uptake rate rose to 2.7 g/minJ 
Although there is a slight decrease in the uptake rate during 
the post-vacuum phases, it appears ~airly constant after tbe ~i~st 
few minutes. The graph of T2 suggests a possible slow decrease with 
time, but this is not apparent in either Tl or T3. The short phase 
of non-linear uptake seen in T4 and T6 after the portion containing 
the leaves was cut off, is just a consequence of the cutting. 
3-20 Uptake by dormant material without vacuum 
In this experiment the uptake of dormant stem segments without 
the aid of an applied vacuum was examined. Unless stated otherwise 
all material was taken from the hedge within an hour of use, and was 
dormant (August 17, 1967). Details of the samples were as follows, 
Dl (17 Aug 67). Two-year old, 35 cm long, 
¢ base 33 x 29 w~m, ¢ top 20 x 21 mm. 
After 15 min immersion 6.2 cm were cut off 
the lower end, and the sample re-immersed -
Die, ¢ 20 x 22 mm. 
l 
I 
I 
I, 
I 
Fig 14. Graph of uptake against time for green transpiring 
material subjected to a period of vacuum-pressure. 
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D2 (17 Aug 67). Two-year old, 35 cm long, ¢ base 20t x 18t mm, ¢ top 18 mm. 
After 15 min immersion 8 cm were cut off 
the lower end, and the sample re-immersed -
D2C. 
D6 (18 Aug 67). One-year old, 250 cm long 
with an intact top. Bark removed so that 
it was not immersed. ¢ 19 x 18 mm. 
After 15 min immersion 35 cm were removed 
from the lower end. The remainder D6A 
was re-immersed without removing the bark, 
¢ 16 mm. For D6B and D6c 35 and 70 cm 
were cut off respectively, ¢ 15 and 12 mm. 
D7 and 00 
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One-year old. Both had intact tops and were 
allowed to remain in air at 19°C for 45 min. 
Sample D7 (195 cm, ¢ 16 x 17 mm) was then 
immersed. It showed little response and 4 cm 
were removed from the lower end - D7A. At 
45 + 19 min a further 20 em were removed - D7B. 
At 45 + 24 min sample 00 (220 cm, ¢ 18 mm) had 
30 cm removed from the lower end and was 
immersed. 
Dl0 (18 Aug 67). After lying in air for 72 hours 
in the laboratory with t~mperatures up to 21°C, 
10 cm were removed from the lower end (100 cm, 
not intact, ¢ 18 mm) and immersed. 
D11 (22 Aug 67). One-year old, 210 cm long with 
intact top, ¢ 17 mm. Used with P-32 solution. 
3-21 Results The uptake for the above samples is graphed against 
time in Fig 15, and tabulated in Table VII. The following can be 
concluded from the graphs: 
(a) There is no marked difference in uptake between those stems 
that have intact tops (e.g. D6, D7, 00), and those that do 
not (e.g. Dl, D2, Dl0). 
uptake DORMANT 
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Fig 15. Graph of uptake against time for dormant material 
not subjected to any applied pressure or vacuum. 
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(b) Delay between cutting from the hedge and immersion 
in water adversely affected the subsequent uptake to 
the stage of preventing it (D7); but re-cutting 
allowed the stem to take up water. 
(c) Uptake occurred (with re-cutting) after 72 hours had 
elapsed - sample Dl0. 
(d) Once the stem was immersed, the subsequent rate of 
Table VII. 
uptake of further segments taken from the same immersed 
sample (i.e. obtained by cutting off portions of the 
lower end) was as though they themselves had been immers_ed 
at the same initial time. In other words, once a 
particular stem had been placed in water the rate of-
uptake of any part of it was a function of the elapsed 
time. Samples Dl-2, D6, D7AB. 
Uptake over 15 min without vacuum for dormant stems. 
Material cut from hedge prior to August 28, 1967. 
sample D1 D2 D6 D7AB D8 Dl0 Dll 
uptake 0.85 0.94 1.24 0.81 0.83 1.09 0.87 
diameter 31 19 18.5 16.5 18 18 17 mm 
specific uptake 9 26 51 30 26 34 30 x 10-4g/mm2 
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3-22 Interpretation As the uptake here is all retained in the stem, 
it corresponds to the quantity stem retention of Table II. The mean 
uptake here is 0.90 g/15 min (std dev. 0.55) which is similar to the 
dormant retention value of 0.96 g/15 min (std dev. 0.55) given in 
Table II. The material in Table II had a uniform length of 35 cm 
while that in Table VII varied between 35 and 250 cm, but this does 
not appear to have had any effect on the uptake values. Considering 
that the material in Table II was subjected to an applied vacuum 
pressure of 200 romHg, the similarity of-the uptake means (0.90 and 
0.96) is unexpected. 
The mean specific uptake here (minus D1) is 33 x 10-4 g/mmL --
(std dev. 8.5 x 10-4 ) which is 45% of the specific stem retention of 
the dormant material listed in Table II (specific values listed in 
) 4 -4 Table V which had a mean value of 7 x 10 and a std dev. of 
-4 / 2 27 x 10 g rom • 
Specific uptake may be lower either because the uptake is 
reduced or because the effective area is smaller than supposed. In 
the case of D1 which had both first and second-year wood, the low 
value of specific uptake could be explained on the assumption that 
the older wood is not conducting. A similar explanation could be 
advanced for the apparent lower mean value of specific uptake in the 
non-vacuum case. 
72 
3-23 Uptake without vacuum using a tracer Sample Dll had P-32 
added to the uptake solution. After 70 min the lowermost counter 
(6 cm up the stem) had risen to 3 times the background counting 
level. While isotope was detected therefore, there was no evidence 
of rapid upward movement as was the case under a vacuum pressure. 
3-24 Subsequent uptake On August 28 further measurements of 
uptake were made on the same stock. All were one-year old.' In 
each of the six samples the water loss ,_from the beaker was so small 
that it could not be considered,as being other than evaporation. 
3-30 Relationship of velocity to applied vacuum pressure 
Poiseuille's equation (section 1-20) predicts that the velocity 
of a liquid through.a vessel of length x is proportional to the pressure 
gradient pix (p pressure difference across the ends) for vessels of the 
same diameter. 
On the assumption that the mean vessel diameter is the same in 
all specimens studied, this prediction can be tested. Twenty-three 
green and 23 dormant samples (Table VIII) were used, ranging from 35 
to 100 cm in length, and with an applied vacuum pressure between 100 
and 740 mmHg 
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Table VIII. Velocity and applied vacuum pressure for 46 samples 
of poplar. Velocity cm/min, pressure mmHg. 
GREEN DORMANT 
sample pressure velocity pix sample pressure velocity 
p 5 740 13.0 11.4 p 31 750 4.4 
p 6A 740 22.0 12.3 P 7A 740 6.0 
B 740 32.0 18.5 B 740 15.5 
D 740 18.0 24.7 c 740 15.0 
p 13B 200 9.1 5.7 P 8B 750 12.0 
c 200 7.2 5.7 -- D 360 12.5 
D 200 4.1 5.7 E 750 10.5 
E 200 3.9 5.7 p 9A 360 7.2 
P 14B 200 5.5 5.7 B 190 3.7 
c 100 1.6 2.8 c - 540 13.3 --
D 200 3.5 5.7 D 640 20.0 
E 200 2.5 5.7 E 540 8.7 
p 15B 200 2.6 5.7 P lOA 200 5.0 
c 200 3.1 5.7 B 200 3.3 
D 200 4.1 5.7 C 200 2.6 
P 16A 200 1.8 5.7 D 200 3.1 
B 200 3.5 5.7 P llA 200 6.7 
c 200 4.0 5.7 B 200 5.0 
D 200 3.6 5.7 c 200 4.0 
P 18A 400 6.7 11.4 P 12A 200 2.2 
B 400 3.6 11.4 B 200 2.6 
c 400 16.0 11.4 c 200 2.8 
D 400 16.0 11.4 D 200 1.9 
The correlation coefficient r for velocity against pressure 
pix 
7.5 
10.5 
21.0 
21.0 
21.4 
10.3 
21.4 
10.3 
5.4 
~.5.4 fB.3 
15.4 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
gradient (all samples) was 0.768, which is significant at the 0.1% 
level. The correlation coefficient was also calculated for velocity 
against pressure and was also found to be significant (0.723) at the 
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same level. This is probably caused by lack of variability in 
stem lengths, but does not invalidate the conclusion that the 
velocity of the liquid through the vessels is proportional to the 
applied vacuum pressure. 
3-40 Density and dimensions of vessels 
Thin sections were cut and projected on to a screen. A count 
f I d t f 1 54 2 "ld" o vesse s ma e on a one-year s em over an area 0 • mm Yle lng 
140 vessels, i.e. a vessel density of 90 vessels/mm2• The inside 
diameters of the vessels were measured and found to range in width from 
40 to 55~, and in breadth from 25 to 45~. Treating the vessels as 
- 4 - 2- - ~ 
elliptical in shape they ranged in area from 8 to 18 x 10 mm, and 
hence formed 7-16% of the xylem area, which can be taken to include 
the pith for the order of accuracy stated. 
A second sample contained both first and second-year wood. A 
2.32 mm2 area of the first-year wood gave a density of 180 vessels/mm2, 
and a 1.16 mm2 area of second-year wood a density of 140 vessels/mm2 • 
The first-year vessels were similar in dimension and area to the first 
sample, and hence comprised 14-32% of their xylem area; the second-
year vessels were larger, with typical dimensions of 85 x 50~, 
i.e. more elongate, giving an area of 32 x 10-4 mm2 , and hence 
comprising 43% of the second-year xylem area. 
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The average vessel density given by Demi (in F.A.a, 1958, p.403) 
for 5 cultivated varieties of Populus nigra is 74 vessels/mm2 although 
he quotes 1 other variety as having a density of 125 vessels/mm2• 
One can consider the Lincoln material therefore as being typically 
more dense (vessels/mm2) than other specimens of f. nigra, although 
this is partially offset from the point of view of conduction capacity 
by the smaller vessels (Demi records average vessel areas between 
-4 4 -4 2) 30 x 10 and lOx 10 mm , 
3-41 Total vessel area and volume The above data can be used to 
obtain the total area of xylem cross section that is made up of vessels. 
Taking the vessel density as being between 90-180 vessel/(~2-~iem), 
and the mean area of a vessel as 13 x 10-4 mm2, for first-year wood, 
gives a total cross-sectional area of the vessels between 120 x 10-3 
and 260 x 10-3 mm2/(mm2 xylem). 
Taking 11 mm as·the mean diameter of a stem (Table I) and 0.2 mm 
as its standard deviation, gives a xylem cross-sectional area of 
60 + 8 mm2 if bark thickness is taken as 1 mm and pith radius as 1 mm. 
Thus the total cross-sectional area of vessels in this material is 
·22 between 7 ± 1 mm and 16 ± 2 mm • If all vessels were the size of 
the largest with an area of 18 x 10-4 mm2 , then the total area 
occupied would be about 22 mm2 which sets a probably upper limit. 
This represents 36~- of the xylem cross-sectional area for the Lincoln 
material. 
4 DISCUSSION 
4-10 Uptake as a function of time 
In all cases (other than naturally transpiring material) 
uptake fell off with time, rapidly at first and then more and more 
slowly (Figs 11 and 12). Such a falling off of uptake rate has 
been described previously: Dixon (1914, Fig 19) using Abies pectinata 
showed a 55% diminuation in flow rate over 20 min, using a IIhighll 
pressure. Humphries (1938) used branches of Tilia europea and 
subjected them to positive pressures within the range 100-400 mmHg. 
As he fails to provide sufficient data no accurate comparison can 
be made between his results and those shown in Figs 11 and 12~- -
However in general shape they are clearly similar. 
Two further references deserve mention although they cannot be 
considered to necessarily relate to living stems: Anderson et al, 
(1941) found a decreasing rate of flow in experiments performed on 
seasoned samples 1 cm in length, using a pressure difference of 
20 lbf /in2 • Kelso et al. (1963) wrote p.3, IIInvestigators commonly 
encounter a decreasing rate of flow at constant pressure of a liquid 
through wood - rapid at first and approaching zero flow asympotically.1I 
Using Picea sitchensis (a conifer) heart wood which had been air 
seasoned, they showed that constant flow can only be maintained if 
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dissolved air is prevented from being deposited as bubbles in the 
wood. By filtering with ultra fine filters (with an average pore 
size of O.45~) to remove nuclei which could serve as centres for 
bubble formation, they were able to obtain constant rates of flow 
at pressures of up to 48 Ibf/in2 • 
Anderson et al. on the other hand considered that electrokinetic 
changes, swelling, plugging by particles, pit aspiration, and 
blocking by air were not important factors in producing a decreasing 
rate of flow. They pointed out however (p.46) that water slightly 
supersaturated with air produces a more rapidly decreasing rate of 
flow. They favoured a pivotal movement of the cellulosic material 
making up the pit membrane as the cause of flow reduction. 
While progressive blocking of water channels by air bubbles 
cannot be ruled out as the explanation of the shape of the uptake 
curves, the seemingly common genesis of the curves suggests that an 
equation might be derived to which they could be fitted. 
attempted in the next section. 
This is 
4-11 Deviation of theoretical uptake curve Preston in his 1952 
paper quotes (p.293) a differential equation of Pickett which relates 
the velocity and height of the meniscus rising in a capillary under 
the action of surface tension. Preston states that inertial terms 
can be neglected after a very short time interval, with the following 
equation then holding, 
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dx dt + gxp - 2y/r = 0 
where: r is capillary tube radius, x height of meniscus, 
D viscosity of water, y surface tension of water, 
p density of water, t time. 
This integrates to give, 
t = -a.f(p) = -a(p + log [1 - p]) 
e 
where p = x/X, (X - x ) and a = 4DX2/ry. 
- max' 
The standard formula for X is given by 
X = 2y cos e 
rpg 
Substituting y = 73 dynes/cm, g = 980 cm/sec2 , p = 1 gm/inl~ ~ 
d -2 / ( ) an D = 10 gm cm. ses:: Poise, then gives 
X = 1.50 ;-10-1 cos e 
r 
and a = 1.25 x 10-
5 cos2 e 
r3 [5J 
where e is the angle of contact of the water with the vessel 
wall. To obtain t for a given vessel it is necessary to evaluate 
the function f(p) = (p + In[1 - pJ). This is done in the following 
Table IX, 
Table IX. 
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Evaluation of the function f(p) = (p + lnll - pJ). 
Function p is the time taken for a capillary 
column to rise a distance p, where p is expressed 
as a percentage of the maximum height. 
p (%) f(p) p (%) f(p) 
0.5 1 X 10-5 45 150 x 10-3 
1.0 5 X 
.. 
10-5 50 190 x 10-3 
5.0 13 X 10-4 55 250 x 10-3 
10 54 x 10-4 .- 60 320 x 10-3 
15 120 X 10-4 70 500 x 10-3 
20 230 x 10-4 75 640 x 10-3 
-
--- _. 
-
25 380 x 10-4 80 800 x 10-3 
30 570 x 10-4 85 1050 x 10-3 
35 81 x 10-3 90 1400 x 10-3 
40 110 x 10-3 
Note: all values of f(p) above are negative. 
Curves Cl and C3, Fig 16, are graphs of f(p) against capillary 
height - expressed as a percentage of the maximum height reached 
(Le. p = x/X). They differ only in their horizontal scale, the time 
scale for C3 being compressed by a factor of 10 over the scale for Cl. 
Curve C2 was obtained by adding the ordinates of the linear graph 
and Cl. 
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Fig 16. 
a.f(p) time 
Curves C1 and C3 are graphs of f(p) against capillary 
height expressed as a percentage of maximum height. 
Curve C2 compounded by adding linear graph to curve C2. 
See Table IX for tabulated values of f(p). 
The above equation pertains to the rising of a capillary column 
only under the action of a surface tension force. In the Lincoln 
work, the ma.in upward force was the applied vacuum at the upper end 
of the stem. It is necessary therefore to modify Preston's equation 
for a general upward force. Starting from first principles, we know 
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that Q = vA, where Q is the flow, v the velocity and A the 
cross-sectional area of the vessel. Then, 
(Poiseuille's equation) 
where ~P is the pressure difference across the ends, r the radius 
of the vessel, x the length of the vessel, and ~ the viscosity of the 
fluid. Hence, 
{For Preston's case the pressure difference will be the upward 
surface tension force/area minus the weight of the column, i.e. 
2nrY /nr2 _ gxp, which when ~ubstituted for ~P gives formula [lJ; p. 78. } 
Suppose now that the upwardly directed pressure is D.Then 
~ P = D - gxP. Substituting into [6J, putting v = dx/dt, and 
inverting the equation then gives, 
dt/dx = [8~x/r2J [l/(D - pgx)J 
= [8~/r2J [xl (D - pgx) J 
= [8~/r2DJ[x/(1 _ P~x)J 
Let B = pg/D, then 
dt/dx = [8~/r2DBJ[Bx/(1 - Bx)J 
= [8~/r2DBJ[(1 = Bx) - 1J 
[7 J 
This integrates to give (constant of integration zero), 
[ 2 2 [. t = - 8~/r DB J In(l - Bx) + BxJ 
= _[8~DI(rpg)2 J [In(l - Bx) + BxJ [8J 
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If X is the height at which the forces balance, then D = pgX 
and hence B = 1/X, and equation [8] can be written, 
t = _[8TJD/(rpg)2J [In(1 - ~) + ~ J [ 9] 
Writing x/X = p and D = 2y/r would then make equation [9] 
identical to equation [2] above for capillary flow under the action 
of surface tension forces. However equation [9J is a more general 
expression and allows account to be taken of other forces, e.g. wall 
resistance, vacuum pressure - if they are known. 
4-111 Scale ratio between time and uptake To obtain the ratio of 
time to uptake (i.e. x) it is necessary to evaluate the variables in 
the first factor of equation [9J • For simplicity let D = npg100, 
and k = 8TJ/pgr2, where n is a dimensionless parameter proportional to 
the upwardly directed pressure. 
equation [9] can be written, 
It follows that X = n100, and 
t = -n100k [In(1 - ntOO) + n:OO] 
As x/n100 = p, Table IX can be used to evaluate the second factor 
of this equation, and the equation is graphed in Fig 17 for a number 
of values of the parameter n - representing different applied 
pressures. Table X illustrates the method of determining points for 
plotting those graphs. 
Table X. 
n 
1 
2 
0.5 
Examples of method used to calculate 
co-ordinates of points used to plot 
the graphs given in Fig 17. 
n100 x p% -f(p) t 
100 70 70 500 x 10-3 -100k.f(p) 
200 70 35 81 x 10-3 -200k.f(p) 
50 30 60 320 x 10-3 -50k.f(p) 
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= 50k 
= 16k 
= 16k 
Taking r = 25~ as typical for a poplar vessel, and values 
for D, p, and g as given on page 78 gives a value for k of 13. 
This means that if the abscissa scale in Fig 17 is to have the-units 
of minutes it must be multiplied by 13/60 = 0.2, the ordinate being 
in centimeters. As was seen in Fig 16, the shape of the curves was 
not altered markedly in appearance by changing the abscissa scale by 
a factor as high as 10, so that for practical purposes the scales of 
Fig 17 can be thought of as being calibrated in minutes and centimeters. 
4-12 Comparison with experimental curves Nine of the 53 samples 
subjected to a vacuum pressure gave a curved distance-time graph, 
Fig 18, and they are tabulated in Table XI. Fig 19 shows curves 
obtained under pressure by Morrison and Heine (1966) using the same 
material. In the first case (i.e. Fig 5) the sample had a length 
of 89 cm, ¢ 14 mm, and in the second a length of 139 cm, ¢ 16 mm. 
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Fig 17. Graphs of time against vertical distance (proportional 
to uptake) moved by a capillary column for various 
upwardly directed pressures represented by the 
dimensionless parameter n. See equation [10] for 
f(x). Note that abscissa values contain a factor 
k from the equation. 
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Table XI. Details of samples glvlng a curved 
distance-time graph under a vacuum 
pressure. 
sample vacuum length gradient 
mmHg cm mmHg/cm 
p 1 740 70 10.6 
p 7A 740 70 10.6 
p 8A 360 35 10.3 
p 8C 540 35 15.4 
p 9B 190 35 5.4 
.. 
P 14A 50 35 1.4 
P 15A 50 35 1.4 
P 17A 200 35 5.7 
P 18B 400 . 35 11.4 
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Comparison of Fig 17 with Figs 18 and 19 shows reasonably good. 
agreement. In the vacuum case, Fig 18, comparison is between 
different samples and must be done with caution, but the general 
pattern seems clear; in the pressure case, Fig 19, each group is 
J 
based on the same sample and comparison can be made within each 
group without qualification. In view of the comparisons shown, the 
suggestion by Morrison and Heine that they were illustrating a 
diffusion phenomenon now seems an unlikely explanation. 
It seems reasonable to suppose therefore that the curves shown 
in Figs 11 and 12 may be interpreted in a similar way, that is, as 
showing the rising of liquid in capillaries under a diminishing 
unbalanced force. 
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at a pressure of 100 mm Hg with abscissa values times 10. The line Y -Y was obtained using 
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r' 
Reproduced from ~1orrison and Heine (1966). Material 
identical to that used in this study. Sample used 
in Fig 5 of length 89 cm, ¢ 14 rom, sample used in 
Fig 6 of length 139 cm, ¢ 16 rom. 
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4-13 Linearity of the exudate rate The mathematical treatment 
above predicts that all uptake curves should be a decreasing 
function of time. In Fig 12 the exudate from P31 is seen to be 
linear, and there appears to be a conflict between theory and 
experiment. However this is not so. As soon as the rising 
meniscus reaches th6 top of the stem the velocity ceases to be 
attenuated, as the weight of the column and the wall resistance no 
longer increases. [The apparatus was designed so that exudate was 
removed from the top of the stem and hence unable to accumulate 
above it.] One would expect therefore that the exudate rate should 
be linear, as indeed it is. -
4-14 Constant velocity up stem The 9 samples listed in Table XI 
and graphed in Fig 18 were anomalous in that the other 44 gave a 
linear distance-time plot. In Fig 12 the calculated arrival time of 
the exudate at the top of the stem - based on the velocity determined 
from radioactivity readings - is seen to coincide with the actual 
I 
arrival of the exudate. As the vessels appear to be empty prior 
to the application of the vacuum, there is no possibility of the ion 
diffusing ahead of the water molecules. 
One would therefore expect from the theory derived in section 4-11 
that the velocity should be attenuated as the meniscus travels along 
the stem. The reason for this apparent lack of attenuation can be 
answered by reference to the curves of Fig 17. Their change in shape 
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as n rises in value may be interpreted in two ways: either as an 
increase in the applied pressure as shown by Figs 18 and 19, or as 
a decrease in the capillary wall resistance. For low resistance 
capillaries there will be little attenuation of velocity along 
stems of the lengths used in this study, i.e. not greater than 100 cm 
and the distance time curves will be similar to that marked n = 10 
in Fig 17. 
The samples listed in Table XI must evidently have had a much 
higher resistance than the other 44. As resistance is proportional 
to 1/r2 (equation 9) this could be interpreted as blockage of the 
large vessels. 
The question now arises as to how a linear velocity recorded up 
the stem can be reconciled with an uptake curve of the shape shown 
by P31 and P27 in Fig"12. This will be taken up in the following 
section. 
4-20 Two component uptake 
In section 4-10 it was established that all uptake curves 
should belong to the family of curves shown in Fig 17. It was also 
shown that under conditions of low resistance and/or high pressure 
the velocity of the rising column should be substantially linear, and 
that in fact it was. To reconcile this with the shape of the uptake 
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recorded, e.g. P31, P27 in Fig 12, it is necessary to assume that 
the uptake has two components: one related to the exudate amount E 
and linear within experimental error, and the other non-linear 
and representing the difference between the uptake and exudate 
amounts, i.e. liquid retained in the stem S. 
Support for this assumption is found in the correlations obtained 
in section 3-01 and discussed in section 3-02. There it was seen 
that stem retention S does not correlate with the velocity, and that 
the exudate does not correlate with circumference or area of the 
stem; while on the other hand stem retention S does correlate with 
stem circumference and area. 
Observations were made to see whether uptake was confined to the 
vessels. A segment approximately 6 cm long was inverted and placed 
under a Reinert Zetopan microscope fitted with a universal opaque 
illuminator. This allowed the specimen to be~viewed with incident 
light. When a drop of water was placed on the cut s;rface and 
740 mmHg vacuum applied at the other end, menisci were observed to 
recede through both vessels and fibres. This coupled with the fact 
that stem retention correlates with the cross-sectional area of the 
stem suggests that the second component of the uptake is taken up 
via the tracheid fibres. This is consistent with the shape of the 
uptake curve for this component; the fibres would be expected to 
have a greater resistance than the vessels because of their very 
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small pits, small diameters, and short lengths [F.A.O. (1958) record 
no fibre length greater than 1.5 mm for any poplar.] Hence the 
uptake curve for the second component will have a greater curvature 
(i.e. a lower value of n in Fig 17) than the uptake curve for a 
vessel of the same material - through which the exudate is presumed 
to move. 
4-21 Vessel resistance Perusal of the literature on this question 
seems always to lead back to the statement made by Dixon (1914), 
p.133 "The resistance to flow in the conducting 
tracts would be about equal to a head of 
water the same height as the tree." 
Kramer (in Steward 1959) quotes the above statement on p.656 
without comment, while Crafts makes the remark (Crafts et al. 1949, 
p.158) , 
"Preston (1938) assumed that the resistance 
due to irregularities of the walls would not 
be appreciable. This contrasts wit£ the 
view of Dixon and Ewart who consider that 1.,,-
resistance in vessels would reduce flow to 
one-half the expected amount. When one 
considers the contour of the vessel walls 
he is forced to the conclusion that Dixon 
and Ewart were probably nearer the truth 
than Preston." 
... 
Crafts' comments themselves require comment. Not only is his 
"conclusion" subjective but also, in lumping Dixon and Ewart's 
conclusions together, he shows that he is ignorant of the fact that 
these gentlemen disagreed "violently" over the magnitude of vessel 
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resistance. Despite EWart's denial (Ewart 1906), Dixon continued 
to maintain (Dixon 1914) that Ewart had ignored the effects of 
air blocking and clogging by particles, to which he attributed 
(p.13!), "the very wide discrepancy". 
In Table II (P. 50) I obtained a mean velocity of 
3.55 .± 0~10 cm/min for flow through 35 cm lengths of poplar under 
a vacuum pressure of 200 mmHg. Changing the units to cm/hour for 
velocity and cm-H20 for pressure, then gives a conductivity* of 
2.76.± 0.78 cm/hour [cm-H20] [l/cm] (i.e. cm
2/hour cm-H20). 
Table VIII (p. 73) gives a range of conductivity from 7.8 (P6A, P6B) 
down to 1.38 (p16A) with a mean of 3.65. As these figures pertain 
to vertical stems, they need to be corrected for the pressure 
required to maintain the static column: 2.78 becomes 3.17, 
7.8 becomes 8.3, and 1.38 becomes 4.2 cm2/hour cm-H20. 
Ewart (1906) using Yew (a conifer) obtaineQ conductivity values 
[which Dixon (1914) quotes] of 1.13, 2.17, and 1.19 cm2/hour cm-H20 
for sample lengths of 35, 25, and 25 cm respectively. Dixon himself 
graphs (Fig 20, p.131) his results (based on 3 cm lengths of Yew) 
and obtains an average value of 7 for conductivity - referred to by 
him as "velocity per hour at unit head". Ewart obtains the same 
value for a 50 cm length of elm (p.55). 
* By analogy with Ohm's law resistance is defined as p/Q 
(p pressure difference across the ends, Q flow), which is 
proportional to p/vx from Poiseuille's equation (p. 7). 
Hence conductivity equals vx/p, or v/(p/x). 
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As alluded to above, Dixon rejects Ewart's results as being 
too small on the grounds that (p.132), "in Ewart's experiments 
sufficient care was not taken to prevent bubbles forming in the 
opened conduits, and to obviate clogging at the surface." In the 
light of my results the difference between Ewart and Dixon (a factor 
of about 6) must be considered within the variability likely to be 
found in a species. What is perhaps most interesting is the 
fact that there appears to be no significant difference in 
conductivity between conifers (i.e. YewY, and dicotyledons 
(i.e. poplars and elm). 
4-22 Comparison of tracheid and vessel resistance The curves drawn 
in Fig 17 allow the possibility of making a rough estimate of the 
relative resistance·to flow of the fibre tracheids compared with vessels. 
The curve labelled n = 1 can be taken as representing the second 
component, and that labelled n = 10 as representing the first 
component (i. e. exudate), where n is a measure of the nett .. ,upward 
pressure, i.e. upward pressure minus wall resistance. (In making 
use of this figure it should be remembered that equation L9J on which 
it is based contains an r2 factor. If the vessels have a diameter 
twice that of the fibres then the gradient of the curve representing 
the vessel uptake will be increased by 22 = 4.) If the vacuum 
pressure is applied to the fibre tracheids at the base of the stem 
through a chain of other tracheids (i.e. a chain of tracheids parallel 
to the vessels), then the tracheid chain will have a minimum resistance 
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about one order greater than the vessel chain, for the experimental 
pressure gradients used (7.5 mmHg/cm in the case of P31). Although 
there are no anatomical objections, the question of whether in 
fact the tracheids do form a chain throughout the length of stem 
cannot be verified here. 
4-23 Effective cross-sectional area Separation of uptake into two 
components makes it possible to calculate the cross-sectional area of 
those vessels conducting the exudate. This has been attempted 
before from knowledge of the total amount of water transpired, and 
these attempts will be reviewed first. 
Preston (1952) calculated the percentage of vessels needed to 
maintain transpiration in beech. The figure he obtained (1.6%) has 
been widely quoted and was referred to by Professor Turner in his 
Presidential address to Section M of ANZAAS in 1957. Using a number 
of sources for his data (transpiration 1500 g/hl', velocity 2 m/hour) 
Preston (p. 284) calculates the cross-sectional area of'\the channels 
Q _ 1500 _ 2 
as v - 2000 - 0.75 cm. Clearly the denominator should be 200, so 
that the area is 7.5 cm2 • Taking the percentage of xylem area made 
up of the vessels as 47% and the radius of the trunk as 20 cm leads 
then to a figure of 16% (i.e. Preston 1.6%) for the percentage of 
vessels actually involved in water conduction. One can sympathise 
with Turner when he goes on to say of Preston's calculation, "It must 
be admitted that the results obtained do not fit with a great deal 
of earlier work". 
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Ladefoged (1960, 1963) provides further data. His method 
consisted of using a heat pulse to obtain relative differences in 
transpiration rates, and then cutting off the tree under water and 
correlating the heat pulse times with the actual uptake. The method 
s'eems reasonable: he found that the trees could be left in their 
buckets for up to 3-5 days, and cutting did not alter the consumption 
as far as he could tell - except if it was carried out near maximum 
transpiration when uptake was found to cease. 
Using an 18 year old specimen of POpulus canadensis (trunk 
diameter 18 cm at a height of 130 cm) he obtained a peak uptake of 
220 ml/min. Preston (p.278) quotes a velocity for this species of 
5.1 m/hour (i.e. 8.5 cm/min), so that the conduction cross-sectional 
area is 220/8.5 = 26 2 cm • Using the Lincoln figure of 36% (section 
3-41) as the percentage of xylem cross-sectional area made up of 
vessel cross sections, then gives the percentage ,of vessels conducting 
as 26/254 x 0.36 = 28%. 
Using Ladefoged's data for beech (tree number 3: transpiration 
45 ml/min, ¢ 12 cm) with Preston's velocity of 2 m/hour and vessel-
area/xylem-area percentage of 47%, gives a percentage of vessels 
conducting of 26%. 
4-24 Mean area of conduction for Lincoln material On the assumption 
that the exudate quantity represents solution that has passed through 
the stem via the vessels, then knowing its velocity enables the 
effective cross-sectional area of the conducting vessels to be 
calculated from E = vtEA, where E is the exudate obtained in a time t, 
EA the total cross-sectional area, and v the velocity. Using the 
tabulated data in Table I, gives a value of A = 1.2 + 0.9 mm2 for 
.29 samples (less P13B). 
Figure 12 on page 63 graphs the exudate of P31 against time, 
and it is seen that there is no exudate until the time estimated from 
the velocity of the isotope has elapsed. In other words the vessels 
appear to have been empty. This was commonly observed to be so. 
Hence it was necessary to correct the calculation of conducting area 
because of the fact that the vessels were apparently empty. If the 
time taken to pass through the stem is t' then E = vA(t - t'). As 
the stems were all 35 cm long, t' = 35/v min. Reducing all the 
tabulated values of t by this amount gave a value of EA = 2.2 + 2.0 mm2 
for the same 29 samples. An individual calculation on the data of 
experiment P31 gave a value of 1 mm2• , "--' 
Comparison with the figure obtained in the last section for the 
total cross-sectional area of vessels suggests that at best only about 
30% (2/7th) of the vessels are involved in conduction. If the upper 
limit of vessel area is used, this falls to 10% (or 5% in the case of 
P31) • 
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4-25 Changes in conductivitr Morrison and Heine give an exudate 
rate of 1 ml/min with a linear velocity of 19 cm/min (Fig 7, p.816) 
for a 139 cm sample (¢ = 16 mm) under a positive pressure of 1400 
vessel conducting 2 mmHg. This gives a area of 5.6 mm • For a 
pressure of 750 mmHg the same specimen gave a conducting area of 
1.4 mm2 (Q = 43 x 10-2 ml/min, v = 3 cm/min). These give 
conductivities of 83 and 25 cm2/hour cm-H20 respectively. (In Fig 2 
of their paper they describe another poplar sample which had a 
conductivity of 46 cm2/hour cm-H20 under a pressure of 600 mmHg.) 
This gives a conductivity ratio of 25:83 = 1:3.3, and a 
cross-sectional area ratio of 1:4. 
From Poiseuille's equation we have v/(p/x) = r2/8~ where it is 
seen that the right-hand term is the expression for conductivity. 
The fact that this has increased can be interpreted as meaning that 
r (vessel radius) has increased - in this case by a factor of 1.73. 
-. In section 1-20, p.ll, it was suggested that the results of Peel 
(1965) could also be interpreted in terms of vessel expansion. 
As r is the mean vessel radius here, it is possible that the 
increase in conductivity under pressure could be partially brought 
about by the transferring of the flow from smaller to larger vessels 
but this does not seem likely. The increase in total vessel 
cross-sectional area could be due to either more vessels being 
brought into use under higher pressure, or to vessel expansion. 
The fact that both ratios above are similar in magnitude might be 
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used in favour of the expansion hypothesis, as both are a function 
of r2 [EA = Ar2 , where A is the number of vesselsJ. The fact that 
the conductivity ratio is less than the area ratio is consistent 
with the fact that frictional drag is a function of the velocity 
(see for example Sears & Zemansky 1957, p.249). 
4-26 Location of retained liquid Consider as a particular 
example sample P31, diameter 14 mm (hence xylem area 110 mm2) which 
recorded a velocity of 4.4 cm/min. Using the value of 1 mm2 for 
the area of the conducting vessels obtained for this sample in the 
last section, enables the volume taken up by the conducting vessels 
to be calculated; over a period of'2 min it will be 88 mm3• 
Fig 12 shows that in this' time 2000 mm3 of water were taken up by 
the stem. The difference of 1912 mm3 is retained in the stem. 
Because retention correlates with stem area and not velocity -
which rules out substantial lateral movement from the conducting 
vessels - and because receding menisci have been obser;~d in the 
fibre tracheids under a vacuum pressure (section 4-20), it may be 
concluded that the retained liquid has moved into the fibre tracheids 
and perhaps also their wall material. The retention volume of 
1912 mm3 would fill a cylinder of cross-sectional area 110 mm2 to a 
height of about 17 mm. F.A.O. (1958) record no fibre length 
greater than 1.5 mm for any poplar, so that on average at least 10 
fibre lengths must have been filled. This supports the suggestion 
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made in section 4-22 that a vacuum pressure applied at the top of 
a stem segment might possibly be transmitted through the fibres 
from top to bottom of the stem. 
The estimate of the number of fibres traversed made in the last 
paragraph takes no account of the volume occupied by wall material, 
which might in fact not be available for retaining liquid. A 
closer estimate can be obtained as follows: 
Taking the mean area of a vessel'- as 13 x 10-4 rom2 and the 
mean vessel density as 140 vessels/(rom2 xylem) gives the percentage 
of xylem tissue made up of vessel openings as 18%. Allowing- - -
another 18% for vessel walls then leaves 64% of the xylem 
cross-sectional area to be comprised of fibre tracheids (vertical 
parenchyma cells in this material are rare). If the fibre wall 
thickness is taken as 6~, and fibre diameter from 15-30~ (F,A.O. 1958, 
p.411) then between 50% and 70% of that area wil~ be occupied by the 
fibre openings. 
"'\ 
Thus between 30% and 40% of the xylem cross section 
will be made up of the open ends of fibres. In the case of P31 
2 this represents 33-44 rom , and gives a vertical rise of 440-560 rom. 
This represents between 28 and 38 fibre lengths. 
4-27 Osmosis For the sake of completeness it should be added that 
water retention will occur in the living cells of ray and wood 
parenchyma. Osmotic effects may be the explanation for the increased 
specific retention of the green material over the dormant, as shown 
in Table V, p.55. 
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4-30 Uptake by transpiring samples under vacuum 
The next group of experiments described in the last Chapter 
were concerned with applying a vacuum to an already transpiring 
shoot (section 3-10). The shape of the curves shown in Fig 14 
is similar to those obtained for non-transpiring samples subjected 
to a vacuum pressure. The degree of curvature exhibited by the 
uptake-time curves whilst under vacuum shows that uptake is into 
relatively high resistance tracts, so that on the basis of the 
discussion in the above sections, it can be concluded that the 
fibre tracheids are conducting. 
The fact that after the vacuum is released the transpiration 
rate is increased, suggests that empty vessels have been re-filled 
by the vacuum pressure, and are once more acting as conductors of 
the transpiration stream. If this is so, it is interesting that 
they were not filled by surface tension forces when the sample was 
immersed in the beaker, which is ruled out by the linearity of the 
uptake curves during the pre-vacuum phase. This is not in agreement 
with Scholander's contention (1958) that air embolii necessarily 
block vessels. 
4-40 Uptake without vacuum 
The third type of experiment described involved the uptake of 
water by dormant material without the aid of an applied vacuum. 
Although the uptake values given in Table VII (p. 70) are not 
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corrected for evaporation the uptakes are by no means negligible. 
If 0.30 g is subtracted from their mean value to allow for 
evaporation the mean uptake is still 0.60 g/15 min. 
4-41 Nature of force The absence of artificial and transpirational 
forces leads one to conclude that this uptake is due to surface 
tension forces. From the discussion following equation [9J on 
p.82 one would expect the uptake curves drawn in Fig 15 to be 
similar in shape to those obtained under a vacuum pressure, and this 
is seen to be so. 
The question now arises as to whether surface tension Lorees 
can account for the rapid decrease in uptake which occurs in segments 
along a stem, when the end is immersed in water (see Result (d) on 
p. 70). Using equations [2J and [3J from section 4-11, time and 
maximum distance can be related for a given radius, Fig 20. 
Fig 21 shows this information in a different form. Here distance 
is plotted against time for a range of radii. As ca;\be seen by 
inspecting the scales, the increase in t~e as the angle of contact 
increases from zero to 60 0 can be ignored over a distance of 30 cm 
or so. Vessels of radius 10-3 cm (which is typical for poplar) 
will take only 7t min for their meniscus to reach 35 cm, and 
(extrapolating the curves) vessels with a radius between 10 and 25~ 
(i.e. 10-3 - 2.5 x 10-3 cm) will be filled to 70 cm in about 21 
min. 
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Sample D6 (Fig 15) shows that after 15 min water had reached 
35 cm and after 20 min 70 cm. D7 also shows that the rising 
menisci have passed 35 cm after 15 min. Comparison with the 
calculations above (or Figs 20 and 21) shows that the experimental 
values, which are minima, are within those calculated and supports 
the hypothesis that the forces involved are indeed surface tension 
forces. It might be added parenthetically that the velocity 
required to travel 35 cm in 15 min would have a minimum value of 
-
2 cm/min which is typically that obtained using a vacuum pressure of 
about 200 mmHg on a similar length. 
4-42 Effect of rainfall on uptake The dormant samples examined 
can be divided into two groups, group'A taken from the hedge during 
the period 17-23 August and group B taken on the 28th and 29th August, 
As was stated in section 3-24 the uptake in the latter group 
was negligible compared with the uptake of the former group. The 
question raised therefore, is why over a period of only 5 days there 
should have been this difference. 
Fig 22 shows the daily rainfall for the months of July and 
August, recorded at Lincoln. During June the total rainfall was 
134 points, during July 20 points and from the 1st to the 23rd of 
August inclusive, 91 points fell. On the 24th, 25th and 26th a 
total of 90 points fell which is a 99% increase on the August 
rainfall to the 23rd, and an 81% increase on the July-August 
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rainfall to the same date. 
It is suggested therefore that this difference in uptake 
between groups A and B is due to the increase in ground moisture 
that occurred after 2) August. The effect observed could reflect 
the end of the dormancy period, but no buds had been observed to 
split by 12 September (15 days), so that this possibility seems 
unlikely. 
Kozlowski (1965) records changes in stem diameter due to a 
change in soil moisture differences. Referring to 
Quercus ellipsoilalis he comments, .p.64, 
"Following a drought period from July 4 to 12 there 
was a sudden and marked radial increase in stem 
diameter associated with small amounts of precipitation 
on July 1), 17 and 20. After trees had become 
rehydrated and expanded as a result of 0.89 inches 
precipitation on August 28, shrinkage occurred during 
each of the succeeding rainless days thereafter." 
-~. 
Working with Populus tremuloides radial expansion was~etected )0 min 
after a cloudburst. 
The stems of group B were approximately 240 cm above the 
ground at their point of detachment. Fig 19 shows that capillaries 
with a radius not greater than 6~ can raise water to that height, 
but this is too small for a typical poplar vessel. It is almost 
small enough to come within the range of the smallest fibre tracheids 
(typically i5-)0~ in diameter). It seems necessary therefore to 
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assume that the vessels are at sub-atmospheric pressure, and this 
combined with the surface tension forces would then be able to 
raise liquid columns in the vessels to the height needed. Osmotic 
effects are unlikely to be fast enough. 
4-43 Summary Sections 4-40/42 have put forward evidence for the 
action of. surface tension forces in dormant material that is 
considered to be in a state of semi-dehydration. It offers a 
method of re-filling vessels which contain water vapour over small 
vertical distances, but does not of course answer the question of 
how vessels higher than 10 mare re-filled - if indeed they are. 
4-50 Conductivity measurements 
If the conductivity is known, it is possible to obtain the 
pressure difference required to move water through a tree at a 
particular velocity. 
By measuring the area of the transpiration stream a~d the flow 
rate with dye, both Dixon (1914) and Ewart (1906) obtained a velocity 
for the transpiration stream of about 7 cm/hour. Since then a 
variety of methods have been used to make this determination. In 
Chapter 1 Banfield's work with spores was described, and in section 5-
the results of Beckman and Kuntz (1951) and Fraser and Mawson (1953) 
using radio-active isotopes will be discussed. Crafts et ale (1949) 
and Preston (1952) tabulate other velocities, Crafts et ale quoting 
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among others a maximum velocity of 4.8 m/hour for conifers using 
Thorium B, and Preston a maximum velocity of about 5 m/hour for 
dicotyledons using an early thermoelectric method. The results of 
Banfield and Fraser and Mawson suggest a typical velocity of about 
18 m/hour. 
If we take 100 m as being the height of the tallest trees, the 
pressure required to raise water to that height will be given by 
p = 10v/conductivity, where p is in atmospheres, v in cm/hour; and 
conductivity in cm2/hour cm-H20. Table XII lists some representative 
combinations of velocity and conductivity. 
Table XII. 
conductivity 
2 
cm /hour cm-H2O 
1.6 
3.2 
7-8 
80 
1.6 
7-8 
80 
7-8 
80 
Calculation of pressure difference required 
to raise water to the top of a 100 m tree, 
using the formula p = vx/conductivity. 
velocity pressure conductivity 
cm/hour difference for determination 
100 m tree atm 
7 44 + 10* E"wart (1906) mean 
'<L 
7 22 + 10 Heine, mean 200 mmHg 
7 10 + 10 Dixon (Yew), Ewart 
(Ash), Heine 740 mmHg 
7 1 + 10 Morrison and Heine 
max. 740 mmHg 
+(ve) pressure 
500 310 + 10 
500 66 + 10 
500 6 + 10 
1800 220 + 10 
1800 24 + 10 
* pressure required to support static column 
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The pressure differences in Table XII should be regarded 
as minima for the higher velocities, as frictional losses are 
probably a quadratic function of velocity (see Sears & Zemansky 
1957, p.249). Preston (1952, p.275), after reviewing the 
literature on measurements of the tensile strength of water, 
concludes that the upper limit is probably about 40 atm. On this 
basis it can be seen from Table XII that the higher values of 
conductivity must be associated with the higher velocities in 
order to keep the magnitude of the-tensions around that figure. 
This implies that the higher velocities are associated with vessels 
of larger radius - as disQussed in section 4-25. 
5 INTRODUCTION 
The use of radio-active isotopes in botany dates from 1923 
when Hevesy used radio-active lead in salt absorption studies. 
Huber and Seith used the same isotope (Thorium B, i.e. 212pb) 
in 1932 to measure the velocity of the transpiration stream in 
conifers. Salt absorption studies are outside the scope of this 
dissertation and the following paragraphs are therefore confined 
to a review of velocity determinations using radio-active isotopes. 
Some of the earliest published work was that of Stout and 
Hoagland (1939). They applied radio-active potassium to a rooted 
willow cutting, and radio-active phosphorus and sodium to geranium 
plants via their roots, and allowed them to transpire for 4-6 hours. 
They found that all three ions had moved upwards through the xylem 
and that any upward movement through the bark was insignificant. 
When bark was in contact with xylem they found that there was 
"rapid lateral transfer from the xylem". Radio-activity, was 
detected at the top of the plants within an hour, which gave a 
minimum average velocity of about 2 cm/min. 
In 1951 Beckman and Kuntz showed that 1311 moved upwards through 
oaks at an average velocity of 20 em/min. Using pin oaks 
(Quercus ellipsoides) Beckman et all (1953) obtained upwards velocities 
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between 30 and 45 cm/min with 86Rb • Fraser and Mawson (1953) used 
86Rb and 45Ca to investigate the transpiration stream in 
Betula lutea. The rubidium was injected in the middle of the day 
through the bark via a 1 inch chisel cut, and was found to travel 
upwards 10 ft in the first 10 min, i.e. at an average velocity of 
30 cm/min. Isotope was initially detected 4 ft above the cut in 
2 min which indicated a velocity over this period of 70 cm/min. 
A similar tree in October (whose leaves were turning yellow) resulted 
in a downward movement in the bark tissue with no upward movement. 
Calcium-45 with its longer half-life was used to determine the 
extent of the distribution through the tree. 
Postlethwait and Rogers (1958) used 32p to examine the 
transpiration path around lateral cuts in blue beech (Carpinus 
caroliniana - diffuse porous). They agreed with Fraser and Mawson's 
assumption that this isotope was carried in the transpiration stream • 
... _.::;< 
The rapid movement of isotope around lateral cuts in June showed that 
"1.., 
the ion was passing laterally through living xylem, and that 
Preston's (1952) suggestion of a horizontal connector formed by the 
action of the cambium is not essential. Postlethwait and Rogers 
used 1311 as well which they assumed to move in the transpiration 
stream too, but results appear to have been inconclusive. 
Ladefoged (1960) used 24Na to measure the velocity of the 
transpiration stream in two beeches, an oak and an ash. He found 
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the velocities obtained to be greater than heat pulse measurements 
made simultaneously. No values were reported. Thomas (1967) 
injected dye and 47Ca into dogwood trees through chisel cuts. 
He found that, 
"The rate of dye ascent was extremely variable within 
and among trees; for example, in 1 tree dye ascended 
1 m in 7 min but required 21 min to reach 2 m." 
These correspond to average velocities of 8.4 and 5.7 m/hour. 
On nine trees he obtained an average-velocity of.2.75 ± 0.32 m/hour. 
The 47Ca could not be followed dynamically owing to the high 
background radiation originating from the injection site. 
6 MATERIALS AND METHODS 
6-00 Materials 
The plant material and the gravimetric methods used have 
been described in Chapter 2. Except where stated otherwise the 
isotope used was 32p in the form of H332p04 in a 0.1 roM solution of 
The isotope was supplied in 10 ml bottles at an activity 
of 10 mCi, and this was made up to 50 ml with phosphate solution to 
give a stock solution of specific activity 200 mCi/l at time zero. 
The solution used in the experiments had a specific activity of 
2 mCi/l. The other isotope used in one set of experiments was 42K 
at a specific activity of 400 ~Ci/l in KCl solution. 
6-10 Counting equipment 
The Geiger-Muller counters used were of the halogen quenched thin 
end-window type (type number 18505), made by Philips. Effective 
diameter was 198 rom, but for this work they were collimated through 
~.~ 
a rectangular slot 7.5 x 2 rom punched in 2 rom thick le~ sheet. 
Output was fed to a Philips ratemeter (type PW 4242) and thence to a 
12 channel Philips chart recorder. 
Preliminary experiments were made to see to what depth below the 
bark isotope could be detected. Segments were taken from stems 
through which isotope at working strength had passed, and cut into 
blocks as shown in Fig 23. 
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FIG 23 
Fig 23. 
cut 
away 
114 
attached 
Scale diagram showing-the position and size 
of stem segments detailed in Table XIII. 
Table XIII shows the results obtained. As any volume ()! ~lem 
tissue acts not only as a source of radiation but also as an absorber, 
this must be taken into account in determining the contribution of 
any particular block to the total radiation recorded by the counter. 
The contribution of block C will be 6.1 - 3.0 = 3.1 cnt/s; hence 
the number of counts recorded by the counter with block D in place 
... -.-. 
will be 3.1/8.3 = 40 percent of the counts that it would have 
recorded had block D not been in place. A similar calculation 
shows that only 20% of the radiation incident on the counter from 
block B is recorded when blocks C and D are in place. 
Table XIII. 
thickness 
2.05 
6.40 
8.75 
4.35 
2.35 
10.40 
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Radiation recorded for various thicknesses 
of xylem tissue through which isotope had 
passed normal to the section shown in 
Fig 23. 
mm block counts/sec 
D* 3.0 
c + D 6.1 
B + C + D 8.3 
c 7.8 
B 10.0 
A + B + C + D 7.9 
* includes bark 
These results show that _ the counters are able to detect _isQtope 
situated in as far as the centre of the stem; also that 40% 
(3.0/7.9) of the radiation detected has originated from the 2 mm 
of stem adjacent to the counter. 
6-20 Methods 
The method is shown basically in Fig 24. The Geiger counters 
'\ 
were placed up the stem at various distances with their collimating 
slits vertical. In some cases the counters were placed in an ascending 
spiral to follow the spiralling of the grain (see section 8-51) but in 
others they were placed one directly above the other. Exudate was 
drawn into a glass receiver (not shown). 
-x1 
velocity =~ em/min
t 
CHART 
cnt/ f 
/sec~ 
• 
~ 
,
+ ~>1 t 
I 2 .1 
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/FIG 24 
time min 
Fig 24. General layout of Geiger counters, and the relationship 
of the chart record to the experimental arrangement. 
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I 
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The time of arrival of the isotope at a particular height was 
obtained from the chart record, by extrapolating the linear portion 
of the graphs back to the abscissa - Fig 24 shows an idealized plot, 
which may be compared with an actual record such as Fig 30. 
Plots of time against counter position were then made and the 
average velocity obtained by drawing a best fitting line through 
the points. 
In one experiment segments of stem adjacent to each counter were 
dissolved in.a tertiary acid mixture and the activity of the liquid 
counted with a liquid counter. .A quench unit (Isotopes Development 
Ltd, type 667) was used to enable a dead time correction to be 
applied. 
7 RESULTS 
7-00 Chart record 
Fig 25 shows the activity-time chart record when a 750 mmHg 
vacuum was applied to a 100 cm length of dormant poplar, ¢b 14 mm. 
ase 
Counter numbers run from the lowest counter on the stem to the 
highest. For clarity only 5 counters are shown but the other 7 
conform to the same general shape, with the higher counters nested 
within the lower. Counter 12 however was anomalous in that the 
activity rose to exceed that recorded by counters 7-11 inclusive. 
The reason for this anomaly will be discussed in the next Chapter. 
Segments of stem adjacent to the counters were dissolved in a 
tertiary acid mixture to further relate the counting rate to the 
amount of isotope present in the stem. In Fig 26 both stem activity 
(cnts/sec mg) based on the digested material, and the plateau value 
of the counters after 70 min, have been plotted against the distance 
of the counter up the stem. 
'\. 
7-10 Half stem immersion 
A number of experiments were performed in which only part of the 
stem was allowed to dip into the isotope. Sample P1 involved a 70 cm 
length of green material, ¢ 17-13 mm to which a vacuum of 740 mmHg was 
applied. The stem was cut back 4 cm from the base to leave a 
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, Fig 25. 
, ,-
Activity-time chart record obtained when a 750 mmHg 
vacuum pres_sure was applied to a 100 cm dorIllan_t length 
of poplar. 
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semi-cylinder of xylem tissue (see Chapter 2 for further details). 
This semi-cylinder was immersed in the isotope for 54 min after 
which the isotope was replaced by water. At the 85th min the 
isotope was again introduced, but before this was done a cover slip 
was vaselined on to the exposed semi-circular end of xylem 4 cm from 
the end. Fig 27 shows the location of the counters and Fig 28 shows 
part of the chart record. The critical feature was the behaviour 
of counter 2. While the vessels adjacent to it remained at 
atmospheric pressure very little isotope was detected,' despite the 
fact that the counters diametrically opposite (1,3) recorded 
considerable activity. When_however vessels adjacent to counter 2 
were blocked after 85 min, it immediately showed the same build-up 
of activity as counters 1 and 3. This is also seen to a lesser 
extent in counters 4 and 6, which showed a similar build-up to 3 and 
5. The important conclusion is reached therefore that lateral movement 
takes place under a lateral pressure difference._" 
, 
On reflushing the stem with water after 181 min it was possible 
to reduce the activity adjacent to counters 2, 4, and 6 as effectively 
as 1, 3, and 5. No exudate was recorded. 
Sample P27 was a 65 cm dormant poplar, ¢ 13-10 mm under a vacuum 
of 740 mmHg. rhis was cut back from the base 2.5 cm in a similar 
manner to Pl, and the exposed semi-circular end sealed with vaseline 
and p~asticine. In subsequent work a glass cover slip was used 
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instead of plasticine, although judging from the chart record for 
counter 2, Fig 30, the seal appears to have functioned effectively 
here. Three main isotope-flush cycles were performed with the 
vacuum being released a number of times during certain phases for 
observation of any effects. 
Fig 29 shows the distance-time plots for the three cycles. 
From Fig 27 counters 1,6,5,7,9, 12 should be adjacent to the intact 
sector of the stem when the spiral growth is allowed for. These are 
identified in Fig 29 by open circles, and in cycle one fallon the 
line A which gives a velocity of 6.4 cm/min. The remaining counters 
for this cycle (except 11) fall less exactly on line B to give a 
velocity of 4.8 cm/min. 
The second cycle (at 64 min) gave a velocity of 4.7 cm/min 
(line C) using counters 1,6,5,7,9 and 12 (i.e. those adjacent to the 
intact sector). However the vacuum was released-.. over part of that 
.... 
period (see fig) and if only the lower points 1,6,5,7 are used a 
velocity of 6.8 cm/min (line C') is obtained. Line D for the 
remaining points (non-intact sector) gives a velocity of 3 cm/min 
which will be increased to 3.9 cm/min if the period which the vacuum 
was off is allowed for. Cycle three (after 159 min) is also plotted. 
in Fig 30 (counters not plotted showed no response), and the velocity 
obtained was 5.7 cm/min. The most probable cause for this lack of 
response in counters above the sealed end is that the seal had failed. 
Fig 29. Distance-time- graphs for three cycles of sample P27. 
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7-20 Effect of releasing vacuum 
increase their count rates very rapidly (Figs 30, 31). The most 
extreme example of this was seen after 28 min, when counter 12 rose 
from 9.5 cntls to 21.5 cntls in 2 min, i.e. a 120% increase at an 
average rate of increase of 6 cnt/s.min. As a comparison the 
initial rate of change for counter 1 was 5 cnt/s.min, and for. 
counter 12, 1 cnt/s.min. This means that counter 12 was exposed 
during phase A to isotope of an activity approaching that of the 
original solution. 
7-30 Rate of bUild-up of activity-time curves 
Examination of the chart records (Figs 25,28,30, and 32) shows 
that the curves exhibit an almost linear initial rate of activity 
bUild-up. Let the gradient of these initial linear portions be 
called M. The magnitude of M is observed to falloff monotonically 
with distance up the stem. On flushing with water a s~lar pattern 
is seen (Fig 32) except that the gradients are negative. 
The logarithm of M was plotted against the distance of the 
counter from the base of the stem x (Figs 33 and 34). A linear plot 
was obtained for all samples listed in Table I, p.49, except for 
PlOD and PllA whose points were too scattered. The gradient 
(m = [log M]/x) for each graph was determined and the mean gradient 
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calculated after sample P17A had been deleted, giving a value of 
m = 0.32 std dev. 0.1. [Sample P17A had a gradient which was 
nearly 3 std dev. from the mean.] Other samples giving linear 
plots were P6A, P18A,C,D (green) and P7A-C, P9A,C-E (dormant). 
Excluding P17A the following mean gradients were obtained: 
All samples (N = 39) m = 0.30, std dev. 0.10 
Green samples (N = 22) m = 0.32, std dev. 0.10 
Dormant samples (N = 17) m = 0.26, std dev. 0.09 
There is no difference between values of m for the green and 
dormant groups on the basis of these figures. 
A correlation coefficient was calculated between m and the 
reciprocal of the measured velocity. This involved the 39 samples 
detailed above (i.e. not P10D, P11A, P17A) and gave a value of 
r = 0.219. This is significant at the 20% level (r = 0.212). 
7-31 Experiments with 42K A number of samples using green material 
42 -" were subjected to a vacuum pressure in which K was used as the 
'\ 
tracer. Figs 35 and 36 show the results for a 58 cm sample; Fig 35 
givep a velocity of 9 cm/min, and Fig 36 a value of 0.27 for m. 
(Like all values of m above, it is negative.) 
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8 DISCUSSION 
8-00 Stem activi~ 
Examination of Fig 26 shows that there is reasonable agreement 
in the shape of the distance-stem activity (cnt/s mg) curve obtained 
by chemical digestion, and the distance-plateau activity curve 
representing the counter readings after 70 min. It is concluded 
therefore that the plateau activity values shown in Fig 25 
are a measure of the total amount of isotope present in the stem 
at the level of the counter. 
8-10 Linear phase of activity build-up 
In section 7-30 it was shown that the plot of [log MJ/x was 
linear. This fact needs to be interpreted. In 1958 Horwitz put 
forward five models for translocation in plants based on different 
assumptions. Of those models the first, involving irreversible flow 
into the walls of the vessels, has received the most attention from 
plant physiologists. In 1962 Spanner and Prebble used a more 
general mathematical approach on this model and arrived at the same 
conclusions. The following derivation is developed from both 
papers. 
8-11 Development of irreversible flow model 
(i) Consider a pipe of cross-sectional area Al , perimeter s, with 
permeable walls through which tracer is passing irreversibly. The 
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flml of liquid through the pipe has a constant velocity v and the 
cross-sectional area of the surrounding tissl:e =--5 A2, Fig 37, 
Let the concentration in the pipe at a distance x from an arbitrary 
origin be c1 and the concentration in the surrounding tissue be c2 , 
Conservation of molecules (m~ requires that, 
inflow ( ) 
. t . = lateral flow (Q2) + outflow Q1 In 0 plpe 
and it is necessary to obtain expressions for Q2 and Q1' 
[ mole/min] 
(ii) Determination of Q2 
then, 
If the permeability coefficient is k [cm/min], 
Q2 t,mZ/ t,t volume = = x c1 t,t 
= 
t,il.. s .t,x 
x c1 t,t 
= ks ,t,x, c1 [iJ 
(iii) Determination of Q1 To obtain Q1 it is necessary to make use of 
Fick's law (Champion and Davey 1952) which is th~diffusion analogy of 
" 
Fourier's law for conduction of heat and Ohm's law for the conduction 
of electricity. Fick's law states, 
where c is the concentration gradient along the pipe (negative 
x 
because it is decreasing), and D is the diffusion coefficient, 
Dividing through by A1t,x and using the relationship t, mi/A1t,x = c1 
then gives, 
Fig 37. Diagram for mathematical model of irreversible flow 
through wall of vessel. 
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(iv) Total inflow Q The total inflow Q will therefore be, 
Dividing through by A16x and taking the limiting case 
Equation [4J is a linear partial differential equation of order 
one. The problem of solving such an equation has been reduced by 
Lagrange to solving the auxiliary equation (Ayres 1952, pp 238-241), 
dt = dx/v = dc1/(-ksc1/A1) which can be written (v # 0) 
~-. 
, 
This has the same general solution as [4J, namely ¢ (u,w) = 0 where 
¢ is an arbitrary function having u and w as independent solutions. 
Equating dt/(1/v) = dx gives t x = a (a, a constant). v 
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/( -ksc ) -ksx I b Equating dx = dC1 Alvl gives In c1 = A1v + n , 
-ksx 
or c1 = b.exp -A---l v 
(b a constant). 
The general solution is therefore, 
which can be written (Ayres 1952, p.233) 
c = 1 [5J 
where F(t - ~) is an arbitrary function with the dimensions of 
concentration, describing the variation of the concentration at the 
origin with time. Hence when x equals 0, c1 = 1.F(t) = co' and 
we can write, 
where B = ksx/A1v. B can be seen as the quotient, 
(permeability coefficient k)(wall area sx) 
(rate of flow Q = Al v )---
, 
which has no dimensions. Equation [6J is identical to both equation 
(3) of Horwitz (except that Horwitz's k equals the term ks here), and 
to equation (6) of Renkin (1959). 
Equation [6J gives the concentration at any point distance x 
from the origin, but it is still necessary to know the concentration 
in the surrounding tissue in order to obtain the total concentration 
at that point. The mass transferred to the tissue per second will be 
140 
ks 0 6xoc1 from equation [1], therefore the concentration after a 
time 6t will be, 
ks 
= -- c A2 1 Hence in the limit, (c2)t 
Integrating, c2 
ks t 
= A x !c1 0 dt 
2 x/v 
Substituting for c1 from equati;n [6] then gives 
so that 
can be 
ks (_B [t ) 
c 2 = --A e oC t] I 2 0 _x v 
finally the total concentration 
expressed, 
-B + ks -B[ x] c = c oe ocooe t - V-0 A2 
[ 7] 
at a point x from 
[8] 
the origin c 
(v) The total concentration of isotope in a leo~th 6x of stem, a 
distance x down the pipe, is Z = c1o(A16x) + c2o(A26x)~ therefore 
substituting for c1 and c2 the total concentration per unit length 
will be, 
which is equation (5) of Spanner and Prebble in the case of 
co' = F(t - ;), and equation (6) of Horwitz - with the aforementioned 
difference in the symbol k. 
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The first term in equation [9] represents the amount of isotope 
in the pipe at a distance x. It has no quantity in it involving 
time so that the concentration in the pipe at a particular distance 
up the pipe does not vary with time - while there is lateral flow. 
The second term represents the amount of isotope in the surrounding 
cylinder (Fig 37) and it is time dependent (the last factor represents 
the radial flow time elapsed). 
The rate of build-up of activity at a point on the stem will 
therefore be got by differentiating equation [9] with respect to 
time, 
az 
at 
-B 
== ksc .e 
o 
which is equal to the quantity M obtained experimentally. 
M to the right-hand side, and taking logarithms, 
In M == In(ksc ) - B 
o 
Equating 
As B == ksx/A1v we have then a linear relationsh~p between In M and x. 
" 
8-12 Interpretation of experimental data The linear relationship 
of log M and x predicted by the above model is verified by the 
experimental data (e.g. Figs 33, 34 and 36). Multiplying equation [10] 
by 0.4343 to convert to base 10 logarithms, we then have by equating 
gradients, 
log M == m == -ks x 0 4343 
x A 'I) • 1 
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Knowing m, s, A1 , and venables the lateral velocity k to be 
calculated. For the 27 samples listed in Table I (i.e. less P10D, 
P11A, and P17A) m = 0.32, std dev. 0.1 (p.130), v = 3.81 cm/min 
(std dev. 1.54), and r for a vessel can be taken as 25 ~m. 
(remembering that s = 2A1/r, and that m is negative), 
2k = 0.32 x (25 x 10-4) x 3 8 0.4343 • 
k = 3.4 x 10-3 cm/min (34 ~/min) 
Hence 
8-13 Experiment using 42K In order to see whether the lateral 
velocity k was influenced by the sign of the charge carried by the 
phosphate ion, a number of samples were put through using the-~2K ion 
which is positively charged (Figs 35 and 36). For the sample graphed 
in Figs 35 and 36 the velocity was 9 em/min and m = 0.27. 
Hence using the same value for the radius as above, 
k = 7 x 10-3 cm/min. 
8-14 Parabolic and plane velocity profile In deriving.. the above 
equations no account has been taken of internal viscous forces. The 
result of such forces is to produce a parabolic instead of a plane 
velocity profile, it being assumed too that the flow is streamlined 
and that there is therefore no radial flow. Viscous flow satisfying 
these conditions is referred to as Poiseuille flow, and it is 
desirable to compare this type of flow to the assumed piston flow 
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(i.e. plane velocity profile). Pollock and.Blum (1966) compare 
their equation (36) derived for Poiseuille flow, with equation (6) 
of Renkin (1959) for piston flow - which is the same as ~quation [6] 
here - and as they are equivalent concluded that for any velocity 
profile likely to be encountered in a capillary, the effect of 
diffusion is negligible compared with the resistance to mass transfer 
of the capillary wall. 
8-20 Interpretation of chart record 
Sections 8-11 to 8-13 inclusive show that the initial linear 
phase of the activity-tim,e charts (e.g. Fig 25) represent lateral flow 
out of the vessel at a constant velocity. The greater the distance 
from the base of the stem the less concentrated becomes the isotope 
moving along the stem and hence the slower the rate of build-up 
detected by a counter. Two facts still require explanation however: 
the rise of activity with time of the exudate (Fig 26), and the 
~-
slower second phase rise that continues after the count~s have 
"plateaued" - Fig 25. 
The following description of events incorporates these facts. 
Fig 38 represents the mathematical model. 
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(A) Sketch graph of theoretical variation of 
isotope concentration in vessels with 
height of stem. 
(B) Annotated diagram of mathematical model. 
A vacuum pressure is applied and the column rises at a steady velocity, 
the concentration at the meniscus being given by tPe first term of 
equation [BJ at any point up the stem. Thus when the mEiliiscus 
reaches the top of the stem, the concentration of isotope in the 
vessel should falloff exponentially from the base upwards, 
Fig 3BA curve 1. 
Consider now the effects on a counter at a height x, Fig 3BB. 
The meniscus arrives at a time x/v and immediately diffusion takes 
place from the vessel into the sink. This build-up at height x is 
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linear with time (equation [8]) and gives the initial linear 
build-up of activity recorded by the counter. Build-up continues 
until the concentration in the sink equals the concentration in the 
pipe, and the counter then plateaus. 
The mathematical model used here (section 8-11) involves a 
constant lateral velocity from the pipe to the sink, which is not 
strictly correct if the movement is one of diffusion along a 
concentration gradient. The observed fact that the linear build-up 
phase progressively extends over a longer time interval higher up 
the stem, where the vessel concentration is lower, is consistent with 
lateral movement along a concentration gradient into similar sized 
sinks. To reconcile the mathematical theory with the hypothesis that 
lateral movement is the result of diffusion along a concentration 
gradient, it is necessary to postulate that in this situation the 
diffusion of ions is approximately linear with time. Horwitz (1958) 
makes brief reference to the reversible loss model, of , which the 
irreversible loss model is a limiting case, and points out the 
difficulty of integrating the equations involved. (Among other 
things they involve Bessel functions.) 
As the lower sinks reach equilibrium with the vessel contents 
more isotope becomes available to travel up the vessel, and the 
concentration throughout the pipe rises (curve 2, Fig 38A). This is 
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interpreted as the slow rise in'the "plateau" values seen in the 
chart record, and explains the rise of exudate activity (Fig 26). 
A mathematical analysis of this second phase of slower build-up has 
not been attempted here, but it may involve an error-function 
solution (see Canny and Askham 1967). 
On flushing the vessels with water the whole sequence is 
reversed, although there is some irreversible build-up of activity 
in the stem which may be due to metabolic binding. 
8-30 Physical relationship of sink to vessel 
The.question may now be-asked ~s to the path taken by the isotope 
when moving laterally out of the vessel. There are two possibilities: 
either it moves into and through the vessel wall, or it moves through 
a pit into either a ray parenchyma cell or a fibre. 
Section 8-12 shows that m is the ratio: amount of isotope 
-= 
moving radially out of a vessel'per unit length, to the,amount of 
isotope moving through the vessel at that point. As m is typically 
0.3 in the experiments described in sections 7-30 and 7-31, this 
means that 30% of the isotope entering a vessel segment moves out 
of that segment radially. This must raise some doubt as to whether 
the relatively few ~its between the vessels and fibres would be 
adequate to handle such an amount of isotope in the time available, 
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and it seems necessa~ to accept that the isotope is mo~ng into 
(or through) the vessel walls. 
This possibility is supported by Rudman (1965), who writes, 
"This work has illustrated that the cell walls 
in eucalyptus contain fine capillaries up to 
450 Angstrom in diameter, that these may be 
traversed by aqueous solutions which gain 
access from the cell lumen, that the middle 
lamella offers no resistance to flow and that 
direct access to the middle lamella from the 
pit chamber is not possible. Although the 
pit membrane contains no large pores, aqueous 
solutions can pass through it." 
No unique answer can be given here, and the possibility that 
the isotope passes through both the vessel walls and pits must be 
accepted as far as this study has shown. While the larger and more 
numerous vessel-ray pits seem a likely path, against this must be 
weighed the fact that the lumen of the ray qells contain protoplasts 
which presumably slow up the movement of ions. 
8-40 Mass flow in xylem 
Biddulph working with calcium considered the xylem cylinder 
of the bean stem to operate as an exchange column (Biddulph et ale 
1961) • Bell extended this work for his Ph.D. thesis, and stated 
(Bell and Biddulph 1963), 
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"It would appear justifiable to conclude that 
calcium ions ascend the stem by an exchange 
reaction on the biocolloids of the conducting 
tissue. Further not only is the exchange 
mechanism called for as an explanation of the 
ascent of calcium (in his work), but the 
possibility that ascent was by mass flow has 
been excluded." 
Fig 1 of Bell and Biddulph appears to be similar in outline to 
Fig 2 of Morrison and Heine, and Fig 32 in this work. (The ordinate 
is graphed on a log scale which makes comparison difficult.) It 
differs from the latter two in that the abscissa extends over a range 
of 12 hours. Bell describes his figure as "the type of curve 
which has been described many times .by other workers as representative 
of intake by adsorption and by metabolic accumulation". During the 
efflux period (corresponding to flushing period in this dissertation) 
the plant was .allowed to take up a dilute nutrient solution (Hoagland's). 
Bell found (p.611) that the "transpirational water alone was 
ineffective in moving the tracer calcium up the -sLem". 
, 
The present work involved the anion H2P04 and the cation K+ and 
they could be flushed out with water. Laties (1959, p.95) suggests 
that, 
"when simple diffusive penetration into some part 
of AFS is responsible for the absorption shoulder 
the duration of phase 1 is most often measured in 
minutes (this refers to the short linear portion of 
the curves shown in Fig 24). Contrarily, when 
absorption describes the transfer of a cation from 
the external solution to the tissue, the shoulder 
is commonly measured in hours." 
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It seems clear therefore that Bell's conclusions stated 
- + 
above cannot be extended to either the H2P04 of K ion as far as 
the work described here is concerned, and the possibility that these 
ions move by mass flow in a plant remains open. It should be 
remembered that calcium has come to be regarded as one of the most 
immobile of all the essential elements (Bollard 1960, p.160); this 
coupled with Laties' remarks above suggest that Bell and Biddulph 
are in fact describing a fundamentally different process from that 
described here. 
8-50 Lateral movement 
The results of section 7-10 show that lateral movement across 
a stem takes place under an applied lateral pressure difference. 
In the case of sample P27 the time lag between the responses of 
counters 1 and 2 is about 0.75 min. This must represent the time 
taken by the isotope to move across the stem. If it takes the 
longest path to counter 2 by going around the circumfe,ence of the 
stem and then up, its average velocity will be 1.4 cm/min; if it 
moves in a direct line 0.8 cm/min. These velocities are 30% and 
18% of the vertical velocity (4.8 cm/min). The difference in 
velocity between the A and B counters of Fig 29 (the B set of counters 
being on the sealed side, the A on the intact side) shows that the 
isotope moving up the sealed side is under a lower pressure gradient 
than that on the unsealed side. This may be caused by either a 
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slight leak in the seal, or because of the extra resistance involved 
in moving the B stream laterally. 
8-51 Spiralling of the grain Reference was made on p.15 to the 
phenomenon of spiralling of the grain, and any analysis of.half stems 
must recognise this fact. The division of the counters in Fig 29 
into those belonging to the intact side of the stem and those not is 
based on identifying the spiral in the material used. 
Examination of the young shoots of poplar reveals that their 
surface is pentagonal in cross section, and that this reflects the 
outline of the pith which is also pentagonal. 
opposite each vertex in turn as one moves in an anticlockwise direction 
up the stem. As the rays are always radial (i.e. they do not. curve 
as one moves away from the pith) the vessels must spiral to the same 
extent as every fifth bud. o To rotate through 180 therefore would 
take 75-100 cm, i.e. 22 to 30 buds. At a dista~e of 260 cm up the 
same stem where the diameter was reduced to about 8 rom, \he distance 
between every fifth bud was reduced to 15 cm, and the angle to about 
o 25-35 , so that for the size of stem being used in this work it can be 
o 
assumed that the spiral needs at least 75 cm to rotate through 180 • 
It might be noted at this point that Eames and MacDaniels (1947, 
p.154) classify the phyllotaxis of poplar as 2/5 on the fractional 
system of Schimper and Braun. As this method depends on the presence 
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of orthostichies, and the above observations of the author show that 
the species has parastichies - not orthostichies - it is difficult 
to uphold Eames and MacDaniel's classification. The general 
problem is well discussed by Richards (1951). 
8-60 Back flow with vacuum release 
In section 7-20 it was seen that the release of vacuum in 
sampleP27 caused some counters to increase their count rates very 
rapidly - Figs 30 and 31. Examination of those Figs shows that this 
phenomenon as exhibited in phases A,B,F, and G is consistent with 
back flow of isotope which must have collected in the rubber tube 
connecting the top of the stem and the vacuum pump. An attempt was 
made (Fig 39) to obtain the velocity of this back flow using the 
pulse front in phases Band G, and also the pulse maxima (a,b,c,d) in 
phase G. Although the amount of data is limited they suggest a back 
flow velocity of about 30 cm/min, which is 4-5 times faster than 
the forward (i.e. upwards) flow velocity. , 
On the basis. of the data' presented in Fig 39 it seems clear 
that the resistance to flow downwards when the vacuum is released is 
less than the resistance to flow upwards when the vacuum is on. The 
most likely explanation for this is that under vacuum there is a 
decrease in vessel diameter, and on this interpretation expansion and 
contraction of the vessels has been demonstrated over a number of 
cycles. 
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Fig 39~ Distance-time plots for a back flow detected 
in Figs 30 and 31 when the vacuum was released. 
On the basis of the back velocity obtained here, the conductivity 
values obtained in section 4-50 under vacuum may need to be increased 
by a factor of 4 to 5. 
PART C 
EPILOGUE 
-~ 
9 EPILOGUE 
9-00 When experimental work is performed on an isolated biological 
specimen, the legitimate question may be asked as to what bearing 
such work has on the total organism especially where, as in this 
case, artificial forces have been applied to it. Provided the 
applied pressure is not excessive there seems to be no a priori 
reason why segments should not be used for conductivity measurements, 
and for the determination of lateral diffusion velocity. In fact 
the former cannot be done on an intact plant, and in the latter the 
transpiration velocity is too low to obtain a velocity figure, so 
perforce segments must be used with-artificial pressures. 
The identification of a two component uptake must be viewed more 
cautiously in relation to the whole plant. The phenomenon is a 
result of exposing the total xylem cross section to a relatively 
unlimited volume of water, which is unnatural. At best we can say 
-~ 
that a not inconsiderable volume of water may be store~by a stem 
in the fibres, but whether the fibres in fact offer a high 
resistance path in parallel with the vessels in the intact plant must 
remain a moot point. 
9-10 Out of this study has come one major theme, namely that the 
vessels of a woody stem cannot be viewed as merely pipe lines imbedded 
in a matrix of tracheids and fibres. Rather must the xylem be seen 
153 
154 
as a meshwork of conducting elements all of which are inter-
connected to the extent that a charged chemical ion can pass 
virtually from any point to another. This in no way compromises 
the role of the vessel as the major element involved in conduction 
from a quantitative point of view, but gives reason to reflect on 
whether discrete tense columns can exist within such a matrix. 
Let us now look at the cohesion theory again, in the light of the 
last eight chapters. 
9-20 If Zimmerman is "not aware of any serious evidence against the 
cohesion theory' as quoted on p.l, then I am not aware of any 
serious evidence for it. None of the papers discussed in Chapter 1 
give any evidence for the existence of tense columns, which is in 
concordance with Priestley (1935) whose brief review of the 
literature, "did not produce any very striking evidence of the 
existence of high tensions in continuous liquid columns in the 
tracheae of trees" (p.48). 
It should perhaps be added here that Kramer's work (see Steward 
1959, p.663) showing that transpiration lags behind water absorption 
cannot be reconciled with transmission of water via a tense column. 
Further, the diurnal changes in tree trunk diameters quoted by 
Kozlowski (1964) as evidence for changes in the tension of the water 
columns ignores the fact that this may be an hydration effect, so 
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this is not unequivocal evidence either. While it would be an 
invidious comparison in the eyes of Zimmerman, Kramer, and 
Kozlowski, nevertheless a physicist cannot but help be reminded of 
luminiferous ether, caloric, and phlogiston, when thinking about 
tense water columns in tall trees. 
-.. ' 
In this connection the comment must be made that some botanists 
both of reputation and recent graduation clearly do not understand 
just what is implied by saying a water_ column is under tension. 
Take for example McDermott's work on simultaneous cutting of twigs, 
discussed on p.39. His whole experiment is based on the notion 
-
that when a tense water column is cut it contracts like an elastic 
band into the nether regions of the trunk, and branches. Without 
investigating this quantitatively, but knowing the extreme 
incompressibility of water, surely the analogy is one of cutting a 
steel bar under tension - which will hardly contract the necessary 
3 inches demanded by McDermott. As Priestley asks whe~ discussing 
I 
injection experiments (1935, p.55)j where would the liquid go 
anyway? * 
9-30 One of the major problems of the cohesion theory .is the repair 
of broken columns. The metastable nature of the tense water columns 
has been referred to a number of times (Dixon 1914, p.86j 
Scholander et ale 1955, p.94j Crafts et ale 1949, p.163). Not only 
* See Steward 1968, pp 322-326 for a recent discussion' on this 
whole question. 
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may the columns break under mechanical shock but also through 
freezing and subsequent thawing: on this latter cause Lybeck (1959) 
has shown that sap columns do freeze and bubbles do form. Yet as 
she says (p.484), "regular winter freezing is neither fatal nor even 
injurious to trees in cold climates". One is led therefore to 
Preston's conclusion that "many of the liquid columns must 
eventually break" (Preston 1952, p.311). The question then arises 
of whether the tracheae need to be repaired, i.e. whether the 
formation of new ones is sufficient to keep the tree alive. Where 
the whole of the annual growth ring has been frozen the previous 
winter the new sap columns must be created in the spring, and-this 
is the basis of Priestley's (1935) "Simultaneous Extension and Radial 
Qrowth Hypothesis" (SERG Hypothesis). 
9-40 Briefly he considered that radial growth in the spring is 
simultaneous with the extension growth of the young shoots and 
the unfolding of the leaves. As each new leaf is pro~uced radial 
expansion of the wood takes place almost simultaneously along the 
whole length of the tree to form a new longitudinal chain of 
protoplasts full of sap extending from the new leaf to the tips of 
the roots. The water to expand the vacuoles of these growing vessels 
is taken radially from the older vessels with which they are in 
contact. The cause of the transfer is not explained, but as proof 
of it Priestley describes how indian ink rushes into the tracheae 
of the old wood if they are cut under.ink, thus indicating that they 
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are now filled with gas at low pressure. 
As Priestley overcomes the problem of re-establishment of tense 
water columns (by forming new ones), which the cohesion theory cannot, 
it is difficult to see why the cohesionists have not accepted SERG 
as a necessary mo~ification to the original cohesion theory. 
Possibly they have been put off by Priestley's unsympathetic attitude 
to the idea of tense columns extending throughout a tree. There 
seems little doubt that many vessels contain gas at low pressure, 
and the classical work of Preston (section 1-40, p.19) offers 
quantitative evidence of this. In this connection it is interesting 
to note that Banfield (p.22), and Fraser and Mawson (p.ll0) observed 
a decrease in velocity with height after injecting the tracer 
(fungus or isotope) through chisel cuts. 
9-50 The most difficult experiments to explain in terms of sap 
columns under tension are those in which trees su~vived in spite of 
, 
overlapping saw cuts, as described by Elazari-Volcani (p.18) and 
Preston (p.19). A number of descriptions of lateral movement are 
contained in the literature: Greenidge (pp 15-18) has demonstrated 
that dye can ascend via two lateral stages; Postlethwait and Rogers 
(p.lll) have demonstrated lateral movement of 32p around opposing 
cuts 6 inches apart; and Ewart (1908, p.387) has shown lateral 
transference of eosin dye after the young wood of a 15 m sycamore had 
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been killed with formic aldehyde. The present dissertation has 
demonstrated quantitatively the movement of phosphate ion under 
both diffusion and an applied lateral velocity. 
It seems clear therefore that conduction can be maintained 
through a lateral connection, at least long enough to form a 
horizontal connector by the action of the cambium. It seems 
equally clear that these facts cannot be reconciled with the cohesion 
theory; even if modified by the SERG hypothesis. In fact are not 
the experiments of Preston the coup de grace for any theory 
involving continuous columns of water under tension? 
9-60 The question of how water gets to the top of a tall tr~e is 
in my opinion still open. Perhaps as Steward (1968, p.315) 
continues to advocate with zeal, root pressure is an, "unappreciated 
force in the ascent of sap", perhaps the vessels are filled with 
gas at low pressure as suggested by Priestley su~rted by Preston 
" and reiterated by Steward (p.323). 
Looking back on the voluminous literature that has accumulated 
on this subject, the work of Ewart - overshadowed by Dixon and almost 
forgotten - stands out as some of the soundest. Part of the 
summary to his 1908 paper forms a suitable note to conclude on. 
He writes (p. 390), , 
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"The experiments detailed or quoted all 
tend to show that the continuous ascent of water 
is only possible in living wood, and that the 
power of conduction is rapidly lost on death. 
Hence we are forced to conclude that the living 
cells in tall trees continually restore the 
conditions for the ascent of water whenever these 
are affected by the excessive emptying of the 
vessels. 
The ascent of water is, therefore, a 
vital problem insofar as it depends upon conditions 
which hitherto can only be maintained in living 
wood. " 
Twenty-seven years later Priestley, commenting on the SERG 
hypothesis, said that it involved living tissue but was only 
vitalistic in the sense that ~t too~ place in growing trees. 
Perhaps theories of sap ascent have erred in thinking of this as a 
purely mechanical process, perhaps botanists should look more closely 
at this problem in terms of living cells. 
, 
SUMMARY 
Solutions of either 32p or 42K were drawn through segments 
of green and dormant poplar by applying a vacuum pressure at the 
upper end. Uptake was shown to consist of two fractions, the 
first passing through the stem via the vessels, and the second 
passing into the other xylem components where it was retained. 
Specific retention in green material was significantly higher 
(2t% level) than in dormant although the green material had a lower 
original specific weight (10% level). 
Mechanical reduction of _xylem cross-sectional ar.ea exposed _to 
solutions did not reduce flow in proportion to area, the flow being 
greater than expected. Using certain assumptions, resistance to 
flow of a fibre tracheid was estimated at about one order greater 
than resistance to flow of a vessel. An estimate of the percentage 
of vessels available for conduction was made and-gave a maximum 
figure of about 30%, with a possible lower limit of 5-10%. 
When vacuum was applied to an already transpiring stem segment 
an increase in uptake occurred, and on releasing the vacuum the 
transpirational uptake was found to remain greater by a factor of 15. 
Dormant segments taken from a hedge were found to take up water 
without application of any vacuum and this was attributed to the 
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action of surface tension forces. The effect was associated with 
low rainfall over the preceding two months. 
I 
Conductivity of the material ranged from 1.4 to 7.8 (mean 3.6) 
cm2/hour cm-H20, under an applied vacuum pressure. 
Using half stem immersion with a vacuum pressure, lateral 
velocities of phosphate ions were obtained which were up to 30% of 
the longitudinal velocity. 
Activity~time charts obtained from 'Geiger-Muller counters 
placed along the stem were interpreted as showing reversible flow 
into and/or through walls of the vessels. Using a simplified 
mathematical treatment a lateral velocity through the vessel wall of 
3.4 x 10-3 em/min was obtained for the H2P04 ion and 7 x 10-3 cm/min 
for the K+ ion. Both ions could be substantially flushed from the 
stem with water and no evidence against mass flow was found. 
- , 
A critical-analysis is made of the literature concerned with 
flow in xYlem, attention being paid to theories of sap ascent, 
particularly the cohesion theory. 
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W original stem weight (W' specific stem weight) 
x stem or vessel length, or distance up stem (PART B) 
X maximum height of water column 
Z total concentration at a point on the stem 
Greek 
a number of conducting elements 
y surface tension of water 
~ viscosity of fluid 
8 angle of contact 
A number of vessels 
~ number of microvessels 
p density of water, or specific conductivity of Peel. 
v velocity of flow 
¢ diameter 
X resistance to flow -. 
'-
